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WEAR 413 


SOLUTION FOR A HIGH SPEED BEARING PROBLEM 


G. R. NORTHRUP 


Northrup and Associates, Wayne, Pa. (UES As) 


INTRODUCTION 


As operational requirements for military aircraft and missiles are expanded beyond 
present ranges, increasing demands are placed upon their accessories and power 
plants. Consequently, components designed for existing airborne equipments are 
subjected to increasingly stringent performance requirements necessitating a critical 
appraisal of the design and function of all such components with respect to new 
requirements. 

This is particularly true in the case of high speed, highly loaded bearings which are 
often subjected to uses far beyond their design limitations in missile components, and 
in airborne power plants. As a result, a large number of bearing manufacturers are 
conducting evaluations of their current production bearing design in light of operation 
under potentially greater transient loads, high speeds, and wider temperature ranges. 
Although almost all manufacturers have new types of bearings constantly under devel- 
opment, many are not sufficiently advanced to be useable under all these new demand- 
ing conditions of operation. In addition, it must be recognized that there is no one 
bearing type that will meet all the requirements of space, performance, cost, and manu- 
facturing quality imposed by companies in both the military and nonmilitary fields. 
In the aircraft and missile fields, particularly, there is such a wide range of special 
requirements and design considerations which by necessity require some compromise 
in the parameters defining the bearing configuration to be used for any one applica- 
tion. Recognizing these facts, it seems desirable to define the limiting or critical 
elements and then to present the details pertinent to an actual study followed by the 
solution to an extremely difficult bearing problem. 


GENERAL CONSIDERATIONS 


The operating parameters for this specific airborne equipment presented some interest- 
ing problems. They limited the diameter of the bearing to be used to a minimum 
specified value due to pre-established center distances between the gearbox input and 
output shafts. Also, cyclic loads applied to the bearing during acceleration schedules 
with the oil supply interrupted suggested that non-standard design approaches may 
be desirable. Because of potential bearing failure that might be expected owing to 
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lack of lubrication during such operation, extensive experimental testing to validate 
design assumptions would be required. Since the special oil to be used seemed to have 
a particular affinity for some bearing materials, its chemical reactivity and lubri- 
cating properties would warrant critical examination. With these things in mind, it is 
appropriate to examine the defined operational parameters and design considerations 
for the problem at hand. 


DESIGN CONSIDERATIONS 


(a). 2500 p.s.i. (175. 775 kg/cm?) bearing load to be carried under steady state and 
transient conditions at speeds in the range of 6,000—20,000 rev/min. 

(b). Oil: Multi-viscosity MIL Spec. 7808-B rated at 1.75 Centistokes (250°F), 
3.3 Centistokes (200°F), 7.6 Centistokes (150°F), and 19.2 Centistokes (100°F). 

(c). Oil temperature: 200°F (93.3°C) maximum, 150°F (66°C) normal. 

(d). Bearing life: 50 hours minimum at maximum load; 950 hours at overall normal 
load. 

(e). Bearing mounting: In cast magnesium gearbox for operation at —30°F to 
200°F (—34.4°C to 93.3°C). 

(f). Special requirement: Cyclic full load speed acceleration from 2,000 rev/min to 
20,000 rev/min; oil supply interrupted for 5 sec. 

The first problem was to select the proper type of bearing to meet the exacting 
operating requirements since the space available for the bearing had been predeter- 
mined. Obviously the final bearing selected would be subjected to performance tests 
to prove the validity of its selection for operations under the prescribed conditions. 
An extensive survey of published technical information and consultation with manu- 
facturers of ball, roller, and sleeve bearings was conducted to determine whether 
commercially available bearings in production could be used. Evaluation of the data 
obtained indicated that while most ball and roller bearing manufacturers could provide 
bearings that might meet the space and performance requirements, they were largely 
reluctant or unable to guarantee the reliability desired. Many were less interested in 
either interrupting their long term studies currently in progress or unable to adapt 
their current designs to this special application. It consequently appeared that the 
only alternative would be to develop a new bearing, conduct performance tests in 
experimental gearboxes, and assess its reliability under actual operating conditions. 
As a result, alternate design possibilities were evaluated with sleeve bearing manu- 
facturers. One such manufacturer in particular provided experimental data from 
tests which indicated ability to produce a bearing for this application. As a result of 
consultations with that company, it then appeared that a trimetal type sleeve bear- 
ing which they could produce might be a potential solution to both the space and the 
reliability problems. 

Trimetal bearings referred to herein consist of a bearing overlay centrifugally cast 
on an intermediate alloy, which, in turn, is bonded to a cylindrical steel shell which 
provides a strong backing material. Such bearings, listed in Table I, commercially 
available in a wide range of alloy and geometric configurations, have been proven in 
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TABLE I 


PROPERTIES OF JOURNAL BEARINGS* 


Lead babbitt (bimetal 
construction) 


Tin babbitt (bimetal 
construction) 


Cadmium alloys (bimetal 
construction) 


Copper-lead and leaded 
bronze (bimetal con- 
struction) 


Solid aluminum (solid 
construction) 


Silver (bimetal construc- 
tion) 


Overplated copper alloys 
(trimetal construction) 


Excellent resistance to seizure, excellent deformability and ability to 
embed. Good corrosion resistance. This is the softest of the commercial 
bearing materials and should not be used at temperatures much over 
250°F. It has poor fatigue resistance, although, if the alloy is made 
in a thin layer, its fatigue life can be improved. 


Excellent anti-seizure, deformability, and acid-resisting properties. 
Slightly harder than lead babbitt at room temperatures, but, like lead 
babbitt, its hardness and compressive strength decreases rapidly with 
an increase in temperature. 


Better than the babbitts for fatigue resistance, but not as good 
surface behavior or corrosion resistance. Plating with indium will 
reduce corrosion, however. 


Excellent fatigue life. Capable of carrying heavy loads at high temper- 
atures, but poor surface behavior and corrosive resistance compared 
with babbitt. Surface behavior is improved by using hardened jour- 
nals. 


Better fatigue resistance than babbitt, corrosion resistance almost as 
good, but poorer surface behavior. Solid aluminum shows a tendency 
to seize unless used with hardened shafts. It has a high coefficient of 
expansion. 


Superior resistance to fatigue and excellent corrosion-resisting ability. 
Surface behavior not as good as that of babbitt. 


In order to retain the excellent surface behavior of the babbitts and 
at the same time, to have the good fatigue and load-carrying properties 
of copper—lead and leaded bronze, the copper alloy bearings are given 
a soft metal “‘overlay’’. ; 


* Source: R. R. SLAYMAKER, Bearing Lubrication Analysis, John Wiley & Sons, Inc., 1955. 
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military and in non-military applications. Certain factors appeared worthy of con- 
sideration since the bearing would be assembled into a magnesium housing. The meth- 
od of securing the bearing in place that appeared feasible is shown in Fig. 1. The 
notch in the flange would provide a means of locking the bearing in position, preventing 
movement should the bearing become loose in operation. Also, it would provide the 
means of properly locating the oil groove, which is discussed later, by the use of dowels 
at this location in the notch. To minimize the potentially large clearance changes 
expected with temperatures indicated, a relatively heavy wall thickness for the bear- 
ing shell was established at the suggestion of the manufacturer. This would further 
assure that the bearing would not assume an egg shape during cyclic loads expected. 

The expected life of sleeve bearings as proven by experiment is dependent upon its 
temperature and the load applied — the higher the load, the shorter the bearing life. 
In the idealized bearing, the load-carrying capacity, or capacity number, is obtained 
to a reasonable approximation by substituting appropriate values in the following 
Harrison—Sommerfeld equation: 


tay rena me 
LN (+)  5(2 + e%) yi—# 


where P is p.s.i. projected bearing area, « the absolute viscosity of oil in reyns, N 
rev/min of shaft, c/y journal clearance, and e« eccentricity ~ radial clearance, or 
eccentricity ratio. 

In this equation, ¢ will be zero when the journal runs concentric with the bearing. 
In practice, this is an impossible situation, since no load at all could then be carried. 
Also, it is assumed that a constant viscosity oil film exists between the bearing and 
the journal to prevent their contact during rotation. With the values thus obtained 
for the capacity, and bearing life having been defined by operating requirements, 
the next step was to establish the bearing geometry. 

An initial step in defining the bearing geometry is to select an acceptable length-to- 
diameter ratio based on the load to be carried. This ratio is that of the uninterrupted 
bearing length to the diameter which commonly ranges from 0.1 to 2.0. The value of 
0.6 commonly used in applications of this type was selected to minimize the effects of 
shaft misalignment which might occur. The known shaft diameter of 1.750 in. in 
this case was predicated on the design considerations of the rotating members trans- 
mitting the load. 

The weight restriction for the entire airborne equipment limited the size-weight 
ratio of an oil heat exchanger to a minimum value thus establishing the oil temperature 
at 200°F', With a critical assembled clearance of 0.0035—0.0070 in. at 70°F between 
the shaft and the bearing, calculations indicated that it would be necessary to remove 
about 170 B.Th.U.’s per minute from the oil to keep the bearing temperature below 
200°F under expected operating conditions. This assumption was based on adequate 
oil filtering, proper shaft alignment, and the assembled clearance indicated above. In 
analyzing these flow requirements, consideration was given to oil viscosity, bearing 
load, and the method of introducing oil into the bearing. The following generalized 
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equation for oil flow can be applied where oil under pressure is supplied to an annular 
groove in a sleeve type bearing used in this application. 


3 yo3 
Q = 0344 (1 + 300) Oe 


where Q is oil flow, c radial clearance, Ps oil pressure supplied, ¢ eccentricity, v radius 
of journal, y absolute viscosity in reyns, and L bearing length. 


180° annular groove in I.D. 
joining two axial grooves 


In view of the heavy uni-directional bearing loads expected in this application, it 
was decided to use two axial grooves spaced 180° apart and connected by an annular 
groove as shown in Figs. 1 and 2. Although the shape and size of such grooves may 
vary, they are dependent generally upon the thickness of the bearing shell, its width, 
and the oil flow required. The axial grooves distribute the oil along the bearing axis 
and in the annular grooves circumferentially around the shaft to develop the full 
wedge effect in the rotating journals. Rectangular grooves commonly used? for jour- 
nal bearings have a depth one-third the groove width. In such cases, the depth is 
usually one-third the bearing wall thickness. The oil holes through which the oil is 
introduced to the annular grooves indicated in Fig. 1 are established assuming a 10% 
oil pressure drop and often range from 0.135 to 0.185 in. in diameter. The annular 
groove arrangement indicated here would insure that oil would be supplied to the 
bearing immediately ahead of the load zone in this bearing. To facilitate this further, 
proper positioning of the axial grooves with respect to the location of the load being 
applied was necessary to prevent the effective arc of contact from falling in one of the 
grooves. This geometry, indicated in the illustrations, would provide a bearing that 
could be used interchangeably to support both ends of the gear shaft and operate with 
shaft rotation in either direction. Full utilization of bearing surface to carry the load 
would therefore be possible. In addition, the viscous drag of the shaft producing a 
shear stress in the oil in the annular groove would be available to build up additional 
oil pressure at the higher shaft speeds!. For the bearing to operate under predicted 
conditions with oil supply interrupted, it was assumed that an unbroken oil film 
would be maintained to prevent incipient metal contact. Methods of determining the 
minimum oil supply to provide an unbroken oil film have been established empiri- 
cally on the basis of published experimental data?. With values for shaft finish and 
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bearing material having been assumed and predicting that proper shaft alignment 
would be necessary, the next problem was to select the proper bearing materials. 

The basic preliminary design concepts having been established, careful consider- 
ation was given to selecting the bearing materials. Application and theory indicated 
that the bearing overlay or surface selected should be able to accommodate localized 
pressures occurring owing to misalignment of the power transmission shaft. In addition, 
it should have the ability to imbed impurities carried in the oil system, and to have 
the necessary life under sustained load conditions. Many special alloy overlays rang- 
ing from cadmium-—nickel to high purity silver for special development applications 
were considered. However, an overlay having a soft 87% tin matrix was selected 
owing to its resistance to cavitation erosion and acid attack from MIL-7808-B oil, 
its plastic deformability, and its anti-seizure characteristics, particularly under inter- 
rupted oil flow conditions. The detail specifications for the remaining parts of the 
bearing were then established (Table II). 


TABLE II 
Material Manufacture Thickness 
Outer shell Steel Machined 0.155 
Intermediate layer 71% Gu;328%) Pb) 1% Ap Bonded to shell 0.014 
Bearing overlay OC OT iG ST. 75/5 SD Centr. cast on 


intermed. layer 0.002 


Courtesy Cleveland Graphite Bronze Co. 


Fig. 3. 


Fig. 3, a photomicrograph of one of the production bearings manufactured later to 
these specifications, shows the desired dendritic or tree-like structure characteristic 
of leaded bronzes. An undesirable structure is one where dendrites would appear as 
piles of flat stones toppled over—indicative of a poor structure. The dendrites in this 
photomicrograph are clearly outlined by the dark areas, which are solidified lead. The 
dendrite form and lead dispersal immediately adjacent to the steel shell at the bond 
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surface indicates that a secure bond was obtained. During manufacture of this 
bearing, pre-tinning the bronze shell is necessary to obtain its optimum diffusion into 
the bronze. The residual lead acts to slow the penetration of tin since the lead requires 
fusing and washing away before the tin can fully react with the bronze. The desirable 
dispersal of tin (white splotches) into the bronze adjacent to the babbitt overlay is 
visible in Fig. 3. Complete metallurgical and quality assurance tests were conducted 
by the manufacturer for the first bearings provided for preliminary performance 
tests. 

Having passed the rigorous physical destructive and metallurgical tests, a set of 
bearings from the first pilot production lot were installed in an experimental type 
gearbox for initial tests to prove the design. These tests then conducted at sea level 
and partial load conditions provided successful results, indicating that more stringent 
tests were feasible. Other sets of production bearings were installed in both the experi- 
mental test unit and in production type gearboxes with operation under simulated 
flight conditions over an extended period of time. 

During part of these tests, some variations in test data suggested a minute possibili- 
ty of bearing malfunction. Investigation revealed that the assembled clearance of 
0.0070 between the shaft and the bearing was too great since it reduced the velocity 
of the oil flow and resulted in bearing wipe. The assembled clearance was then reduced 
to 0.0050, and the shaft alignment tolerances were tightened to avoid possible wiping 
of the bearing during cyclic loading. Test data from a new series of tests of the bearing 
under simulated flight conditions proved the validity of this decision. At this stage in 
the program, an official Qualification Test was then conducted with perfect perform- 
ance, which resulted in acceptance of the design and test results by the Military. 


EVALUATION OF SPECIAL PROBLEMS 


With the acceptance tests hurdled, a closer liaison with the manufacturer to insure 
future quality production was established. Bearings from the three test runs where 
operating difficulty was experienced were subjected to mechanical tests, sectioned, 
and minutely examined for changes in dendritic structure and bond due to cyclic 
loading. Thorough examination of these specimens revealed some interesting facts. 

Black spots or minute pits approximately 1/32 in. in diameter appeared in the oil 
hole groove where the bronze is normally exposed in the final manufacturing operation. 
These were attributed to an oil filtering and erosion problem, but later chemical 
analyses indicated evidence of the MIL 7808-B oil chemically attacking the exposed 
bronze. The manufacturing cycle was modified to provide a thin bearing overlay at 
this location, which then corrected the problem. 

A few test bearings showed evidence of wiping for unexplained reasons. Consul- 
tation with the manufacturer suggested the possibility of the bearing becoming 
egg-shaped after insertion in the magnesium gear casing. A control for freezing the 
bearing prior to its insertion in the gear case and the insertion method eliminated this 


unexplained condition. 
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CONCLUSIONS 


A review of points discussed here indicates that an optimum bearing design for ope- 
ration under these unusual conditions was attained. The advanced studies carried out 
suggested that improved non-destructive methods of establishing overlay thickness 
are desirable and further high temperature tests of such presently available bear- 
ings are worthy of consideration. Much is yet to be done to develop new bearings 
fulfilling the increasingly difficult performance requirements in missile and space 
satellite programs. 
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DIRECTIONAL EFFECTS IN FRICTION 


M. HALAUNBRENNER 


Department of Physics, Kvacow Polytechnical College (Poland) 


SUMMARY 


Results are given of experiments on the problem of friction force component perpendicular to the 
direction of relative velocity. 


In a short note? on direction of the friction force, in which he discusses experiments 
on the component of friction force transverse to the direction of relative velocity, 
E. RABINOWICZ writes: ‘It is universally assumed that the force resisting the sliding 
of one body over another acts in a direction opposite to the relative velocity. However, 
no recent test of this law appears to have been carried out, and it seemed worth while 
setting up a simple experiment to measure any possible transverse component of the 
friction force.’’ A paper on a similar subject was published in 1957 in U.S.S.R.?. 

In 1948-1952 this problem was discussed in Poland?:4,5, Many of our experiments 
have shown that the sliding body behaves as if it were influenced by the transverse 
component of friction force. We published the results of those experiments in Polish 
in 19548. 

In connection with our present experiments on the influence of the anisotropy of 
the base on rolling friction, we made use of measurements of electrical contact re- 
sistance with regard to direction of the machining processes. 

The results of our experiments were as follows: 

(t) When the friction force is independent of direction of motion of the sliding 
specimen on a given surface (when the sliding surfaces are polished) each force, 
however slight, acting transversely to the direction of the velocity, causes a change 
in this direction along the direction of the resultant force. The friction is opposed to 
the acting force and equal to this in a state of rest or uniform, rectilinear motion. In 
these cases the transverse component of friction force do not exist. 

(2) The case is different when the sliding surfaces have undergone directional ma- 
chining processes such as cutting or grinding. In these cases when the heights of ridges 
are below the r1 class (0.6 ), the friction force depends on the direction of rows relative 
to each other and the direction of motion. The coefficients of friction are smaller 
when the lines in both sliding surfaces lie in the direction of sliding and reach the 
greatest values at right angles to the sliding direction. The differences in the fric- 
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tion coefficients in these cases may be as much as 10%. In oblique position of the 
ridges they also occur but are then smaller. 

Very interesting is the influence of the direction of the machining processes — such 
as cutting or grinding — on wear. When discussing these phenomena Professor FINCH 
said’: 

The relative amounts of metal worn away (and thus lost to the surface) and metal 
which is merely displaced to form the Beilby layer, are affected by the direction of 
the ridge and valley lines produced in machining in relation to that of sliding 
(Finch and Zahoorbux 1937). It has been found that the heaviest wear occurs when 
these lines in both bearing surfaces lie in the direction of sliding, and that wear is 
least when they are at right angles to the sliding direction. If the lines on one 
surface are parallel to the direction of sliding, while those on the other are at right 
angles to it, then wear of the former surface is high. The explanation is simple. 
When the lines in both surfaces are parallel to the sliding direction, the metal, 
severely stressed in localized contacts, has farther to flow before it can escape and 
congeal beyond the pressure zone, and is thus more likely to form unattached 
detritus than when the ridges and valleys lie at right angles to the sliding. The 
importance of the ‘‘run’’ of tooling tracks in relation to the sliding direction is now 
appreciated in engineering practice. 


It should also be mentioned that the influence of the mechanical component on 
sliding friction was recently investigated by TABor§. 

When ridges and valleys with a definite direction are present on rubbing surfaces 
the sliding sample often behaves as if it remained under action of the component 
of the friction force, perpendicular to the direction of the relative velocity. 

The experiments are as follows: 

The sliding sample was a flat and round disc 5 cm in diameter and 1.5 cm thick. 
On the sliding surface parallel rows were made by machining and the roughness was 
determined microscopically; the hardness was HB = 170. The base material was 
steel plate 15 cm x 15 cm with similar rows on its surface. 

The plate was placed on an inclined plane in such a manner that the direction of 
ridges and valleys on their surface made an angle of 45° with the slope, e.g. with the 
direction of the acting force. The sample was cleaned by the usual technique, brushed 
with a linen cloth and placed on the top of the plate; then the inclined plane was so 
lifted that a slow sliding, uniform motion was set in (Fig. 1). 

The experiment shows that the sample does not slide along the slope, or in the di- 
rection of the acting force, as does a rolling ball or a sample with a polished surface, 
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but deviates from this direction at an angle y depending on the height of rows and 
ridges and their reciprocal distance and on the angle w between the direction of the 
rows on the sample and the base (Fig. 2). 


Fig. 3. 


I 
y 


The angle of deviation y was measured at minimum angle « of the inclined plane 
at which the motion occurred. It was a uniform motion with a velocity of some cm/sec. 
In this case the resultant of acting forces was equal to o. The acting force F (Fig. 3) 
along the line of maximum fall is equal to mg-sin « (m = mass of the sample, g = 
acceleration of the gravity force). 

This force is in equilibrium with the resisting force T (Fig. 3). 

This passive force, which is called friction, has another direction than the direction 
of relative velocity. Splitting the friction force into the component parallel to the 
direction of velocity and the component perpendicular to it we obtain: 


Ti = mg-sin «cos p 
Tz = mg-sin w-sin p 
Taking into consideration that the force N acting on the sample perpendicular to 


the base is equal to mg-cos x, we obtain the formulae for parallel and perpendicular 
components of the coefficient of friction 


IE : 
= — = tg &-TOS 
Ma N 5 Y 
Te i 
2 = — = tga:sin p 


The angle « was measured with an accuracy of 1°, the angle y was calculated from 


_ 
wy = aresin — 
c 


where 6 = a-cos 45° (Fig. I). 
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The distance c travelled by sample and deviation a were measured with an accuracy 
of 0.5 mm, 


Examples 

The base consisting of steel, roughness h = 42 yw, distance of rows or hills p = 0.45 
mm, the chromonickel sample, 4 = 25, distance = 0.60 mm. 

Fig. 4 represents a diagram of dependence of the coefficients of transverse frictions 
on angle gy. The maximum value was at angle y = 0 and was equal to 0.01. 


Fig. 4. Dependence of coefficients of transverse friction on the angle between the directions of 
machining of the base and the sliding sample. 


The experiments were accomplished by different heights of rows and different trans- 
verse velocities. The results obtained showed that the angles of deviation did not 
exceed 4°, except in cases when the rows of the base and the rows of the sample 
were parallel and equidistant, 7.e. in cases when the sample slides on the rows of the 
base as if on rails; then the deviation is relatively great (Fig. 5). 


Fig. 5. If p = 180°, the ridges and valleys caused by the machining processes coincide and the 
motion of the sample takes place in that direction. 


The coefficient of friction produced by the “transverse component’’ frictional 
force does not exceed 5% of the corresponding values of the coefficient of friction 
(e.g. in the direction of the relative velocity). 

We have also carried out experiments to show the influence on rolling friction of 
the direction of ridges and valleys produced by machining®. 
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In the measurements ground steel cylinders 40 mm long and 10-20 mm in diameter 
were used. The base was in the form of soft steel plates 1 5 cm x 15 cm. The plates 
were prepared by a planing machine and placed on the incline; the direction of the 
ridges produced by the machining operation gave an angle of y with the direction of 
the greatest slope, where 0° < y < 360°. The angle of the incline with respect to the 
horizontal was 2°-5° so as to avoid sliding. 

Fig. 6 shows the changes in the coefficient of the rolling friction with a change of y. 


Fig. 6. Dependence of the coefficient of Fig. 7. Dependence of the electrical contact 
rolling friction on the angle y between the resistance! and coefficient of friction? on the 
directions of the ridges and the greatest slope. angle between the directions of rows caused 
by the machining processes on the surfaces 

in contact. 


We carried out some experiments to show the influence of the directions of machin- 
ing processes on electrical contact resistance of metals. In Fig. 7 are given the results 
for two chromonickel plates of h = 10 w, # = 0.23 mm, depending on the angle 
between directions of machining of both surfaces. 

The smallest resistance was noted when the angle between the rows was equal to 
y == 0° and 180°. 
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EIN BEITRAG ZUM ZYLINDER- UND KOLBENRING-VERSCHLEISS 
BEI DIESELMOTOREN FUR TRAKTOREN 


A. SEIFERT 
Institut fiir Schlepperforschung dey Forschungsanstalt fiir Landwirtschaft, Braunschweig- V dlkenrode 
(Deutschland) 


ZUSAMMENFASSUNG 


Soweit diese Untersuchungen an einer beschrankten Anzahl von Dieselmotoren fiir Ackerschlepper 
Schliisse zulassen, ist folgendes zu sagen: 

(a) Ein Unterschied der Standzeiten von Zylindern und Kolbenringen zwischen luft- und 
wassergekiihlten Motoren konnte nicht festgestellt werden. Bei beiden Kiihlungsarten gab es 
niedrige und hohe Standzeiten. Bei giinstigen Betriebs- und Wartungsverhaltnissen ist eine Stand- 
zeit von 6000 Std. als normal anzusehen. 

(b) Wartung, Fahrweise, Warmezustand, Temperaturregelung, Giite der Verbrennung haben 
entscheidenden Einfluss auf die Hohe des Verschleisses. 

(c) Der Verlauf des Gewichtsverlustes des obersten verchromten Kolbenringes entsprach dem 
Verlauf des Zylinderverschleisses im oberen Totpunkt (Abk. OT). 

(d) Der volumetrische Zylinderverschleiss der halben oberen Hublange hatte den gleichen 
Verlauf wie der Verschleiss des Zylinders in OT-Lage des obersten Kolbenringes. 

(e) Obwohl die Werkstoffeigenschaften von Zylinder und Kolbenringen durch andere Einfliisse 
(siehe Pkt. b) itberdeckt werden, hat sich herausgestellt, dass im Rahmen der Analysenwerte der 
verwendeten Werkstoffe verschleisshemmend wirken: zunehmender Gehalt an C, Cr, P und 
abnehmender Gehalt an Si und abnehmender Ferritanteil. Die Verschleissabnahme innerhalb der 
Brinellharten von 207-239 der Zylinderwandung war gering. 

(f) Die Regelung der Kiihlung ist auch bei luftgekiihlten Motoren grundsatzlich angebracht. 

(g) Es sollte noch mehr als bisher darauf geachtet werden, dass Kiihlung und Verbrennung aller 
Zylinder desselben Motors gleich gut sind. 

(h) Die wesensfremden Veranderungen der Olqualitat (Verschmutzung durch Russ usw.) kénnen 
bedeutend héher sein als die wesenseigenen Veranderungen. Olwechselzeiten, besonders in kalten 
Jahreszeiten, sollten nicht héher als 120 Std. sein. 


SUMMARY 


On the basis of investigations on a limited number of diesel engines for tractors, the following 
conclusions can be drawn: 

(a) No difference could be found between the life of cylinders and piston rings of air- and water- 
cooled engines. With both types of cooling, long and short lives were recorded. Under good work- 
ing and maintenance conditions a life of 6,000 hours is considered normal. 

(b) Maintenance, running, thermal conditions, temperature regulation, efficiency of combustion, 
all have a decisive influence on the degree of wear. 

(c) The course of loss of weight of the principal chrome-plated piston ring corresponds with the 
course of cylinder wear at the upper dead centre. 

(d) The volumetric cylinder wear of the upper half of the stroke length follows the same course 
as the cylinder wear in the upper dead centre of the principal piston rings. 

(e) Though the material properties of the cylinder and piston rings are masked by other in- 
fluences (see (b)), it has been demonstrated that within the limits of the analysis values of the 
materials used the following factors have a wear-inhibiting effect: increasing C, Cr and P and 
decreasing Si content and ferritic constituent. The decline in wear of the cylinder wall within 
a Brinell hardness of 207-239 was slight. 

(f) The regulation of cooling is in principle also applicable to air-cooled engines. 
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(g) It is essential now more than ever to ensure that cooling and combustion of all cylinders 
of the same engine are equally good. 

(h) The external causes of a decrease in the quality of the oil (contamination by carbon deposits, 
etc.) may have considerably more influence than structural changes of the oil. Intervals of 
replacement of oil, especially in cold seasons, should not exceed 120 hours. 


ANLASS UND DURCHFUHRUNG DER UNTERSUCHUNGEN 


Uber den Zylinder- und Kolbenring-Verschleiss deutscher Dieselmotoren fiir Trak- 
toren liegen im Vergleich zu anderen Verwendungsgebieten (LKW, Omnibusse, 
Schiffahrt u.a.) verhaltnismassig wenig umfangreiche Untersuchungsergebnisse 
vor!~1°, Da sich bei den Motoren fiir Traktoren z.T. erhebliche Abweichungen im 
Zylinder- und Kolbenring-Verschleiss ergeben hatten, wurden im Institut fiir Schlep- 
perforschung der Forschungsanstalt fiir Landwirtschaft, Braunschweig-Vélkenrode, 
Untersuchungen an 18 luft- und wassergektihlten Dieselmotoren (Ein-, Zwei- und 
Vier-Zylinder-Motoren) zur Feststellung der Grésse des Verschleisses, der Ursachen 
und der Méglichkeiten einer Senkung durchgefiihrt. Die Traktoren, in welche diese 
Motoren eingebaut waren, wurden in verschiedenen landwirtschaftlichen Betrieben, 
denen bestimmte Vorschriften fiir die Durchfiihrung der Untersuchungen gegeben 
wurden, eingesetzt. Dabei zeigte sich, dass die Giite der Wartung nach Einstellung 
und Kenntnissen des Traktorfahrers verschieden war. Vorschriften iiber die Fahrweise 
(Fahrgeschwindigkeit, Motordrehzahl) wurden nicht gegeben, um die Gepflogenheiten 
des betreffenden landwirtschaftlichen Betriebes nicht zu beeinflussen. Die Variablen 
bei den Untersuchungen waren Motortyp, Kraftstoff, Schmierstoff, Belastung des 
Motors, Wartung. Bei der Auswahl der Motortypen fanden alle tiblichen Verbren- 
nungsverfahren Beriicksichtigung (Tabelle I). 

Von der Mineralélindustrie wurden die tiblichen Dieselkraftstoffe mit einem Schwe- 
felgehalt von 0.4 bis 1% (vorwiegend 0.6%) zur Verfiigung gestellt. Als Schmierdéle 
wurden bei 12 Motoren legierte Markendle, bei 6 Motoren, unlegierte Markendle, ver- 
wendet. Der Olwechsel war bei 100-120 Betriebsstunden vorgeschrieben. Dabei 
wurden Olproben entnommen und analysiert. Bei 17 Motoren war das Olfilter im 
Hauptstromkreis eingebaut, 1 Motor hatte Haupt- und Nebenstromfilter; nur 2 
Motoren hatten neben dem Grobfilter (Spaltfilter oder Siebfilter) noch ein Feinfilter, 
alle anderen nur Grobfilter. Sorgfaltig wurde die Luftfilteranlage jedes Motors tiber- 
wacht, um von dieser Seite her Einfliisse auf den Verschleiss auszuschalten. 

Als Richtschnur fiir die Beendigung der Untersuchungen wurde der Zeitpunkt 
angegeben, wann die vom Motorhersteller angegebene héchstzulassige Zylinderab- 
nutzung erreicht ist. Diese betrug je nach Zylinderdurchmesser (von 90 bis 110 mm) 
0.25 bis 0.45 mm und tritt nach Erfahrung in der Gegend der oberen Totpunktlage 
(OT) des 1. Kolbenringes auf (Abb. 1). 


DIE MESSUNGEN WAHREND DER UNTERSUCHUNGEN 
Es wurden gemessen bzw. aufgenommen: Kraftstoffverbrauch, Olverbrauch, Anzahl 
der Betriebsstunden, Art der laufend durchgefiihrten Arbeiten. Die Zylindermasse 
wurden quer und parallel zur Kurbelwellenachse auf die ganze Lange des Zylinders 
mit einem Zweipunktmessgerat iitblicher Bauart aufgenommen. Oberste Messebene 
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war die Ebene durch den oberen Totpunkt (OT) des ersten Kolbenringes. In Abstan- 
den von ro mm folgten die anderen Messungen bis zur untersten Messebene im unteren 
Totpunkt (UT) des unteren Abstreifringes. Das Aufmessen der Zylinder erfolgte zu 
Beginn und am Ende der Untersuchungen und dazwischen am Ende jeden Jahres. 
Die Zylinder luftgekiihlter Motoren wurden mit dem Zylinderkopf und den dazu- 
gehorigen langen Durchgangsschrauben auf eine Vorrichtung nach Vorschrift des 
Motorherstellers mit dem Drehmomentschliissel aufgespannt, weil festgestellt wurde, 
dass sich entspannte Zylinder verziehen kénnen (Abb. 2). Bei den wassergekithlten 
Motoren wurde meistens nur der Zylinderkopf abgenommen und bei ausgebautem 
Kolben die Messung vorgenommen. Nur sehr steife Biichsen wurden zur Vermessung 
ausgebaut. Von allen Kolbenringen wurde Gewicht und Ringspannung mit Umschlin- 
gungsstahlband bei jeder Aufmessung des Zylinders ermittelt. 


WERKSTOFFEIGENSCHAFTEN DER UNTERSUCHTEN ZYLINDER UND KOLBENRINGE 


Die Zylinder der luftgekiihlten Motoren waren im Sandguss, die Zylinderbiichsen der 
wassergekiihlten Motoren im Schleuderguss hergestellt. Bei den wassergekiihlten 
Motoren nimmt der auslandische Motor E eine Sonderstellung ein, da es sich um 
aussergewohnlich harte Zylinderbiichsen mit martensitischer Grundmasse handelt, 
auf die noch naher eingegangen werden wird. Bei allen untersuchten Motoren ist der 1. 
Kolbenring verchromt, bei Motor E auch noch der 2. Kolbenring. Bei den 15 Juft- 
gekiihlten Zylindern besteht das Gefiige aus Grafit, (der Ferritanteil liegt zwischen 
r und 5) feinlamellarer Grundmasse mit lamellarem Perlit und netzformigem Phos- 
phiteutektikum mit Maschenweite 4-8. Die Analysenwerte liegen in Grenzen: 
fir C von 2.95-3.47% 
fiir Si von 1.45-2.64% 
fiir Mn von 0.56-0.85% 
obere Stellung des Kolbens Zylinderversdjleip fiir Cr von 0.05-0.10% 
0 Of @2 63 bb b5nn fiir P von 0.13-0.52% 
fir S von 0.05-0.10% 
fiir V von 0.03-0.05% 
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Abb. 1. Typisches Verschleissbild eines luft- Abb. 2. Zylinderverschleiss in gespanntem 
gekiihlten Zylinders eines Dieselmotors. und ungespanntem Zustand eines luftgekihl- 
ten Dieselmotors. 
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Die Brinellharte der Zylinderlaufflache streut zwischen 207 u. 239 HB. Die Brinell- 
harte der Kolbenringe liegt um durchweg 20-30 HB héher, diejenige des T. Kolben- 
ringes z.B. an der nicht verchromten Seite zwischen 236-260 HB. Die Grundmasse 
des Werkstoffgefiiges der Dichtringe ist neben Grafit feinstlamellarer und fast sor- 
bitischer Perlit, Giiteklasse 1-4.5 der Richtreihe; Ferritanteil gering! Der C-, Cr- und 
P-Gehalt ist etwas héher als bei den dazugehérigen Zylindern. 

Hinsichtlich Gefiige, Analysenwerte und Harte sind die 14 Zylinderbiichsen der 
untersuchten wassergekiihiten Dieselmotoren wenig verschieden von den Zylindern der 
luftgekiithlten Motoren; C- und P-Gehalt liegen bei den wassergekiihlten Motoren 
mehr nach den oben angegebenen héheren Werten, der Mn-Gehalt mehr nach den 
angegebenen unteren Werten fiir die luftgekiihlten Zylinder. Die Grundmasse des 
Gefiiges fiir die Kolbendichtringe ist ebenfalls feinstlamellarer und fast sorbitischer 
Perlit mit etwas hdherem C- und P-Gehalt als die dazugehérigen Zylinderbiichsen. 

Das Gefiige der Zylinderbiichsen des auslandischen Motors E ist Grafit und als 
Grundmasse Martensit mit 4-5°% Zementit; die gemittelten Analysenwerte sind fiir 
G.=.3:22%,.Si-— 1.98% Mur .0:70°%,.Cr.==10,16%, Pia=0.35 967 SG 0327) ee 
= 0.15%, Ni = 0.30%, V = Spuren. Die Brinellharte betragt 500-560. Die beiden 
oberen verchromten Kolbenringe haben unverchromt 293 HB, das entartete Grafit- 
gefiige 4ahnelt Temperkohle. Die gemittelten Analysenwerte liegen fiir C bei 3.06%, 
Cr bei 0.08%, P bei 0.12%, Mo bei 0.49%. 


OBERFLACHENBESCHAFFENHEIT DER ZYLINDER UND KOLBENRINGE 


Die Laufflachen der Zylinder im fabrikneuen Zustand waren gehont, die der Kolben- 
ringe feinst gedreht. Die Mehrzahl der Motoren hatten zu Beginn der Untersuchungen 
neue Zylinder und neue Kolben mit Ringen ; jeder Motor lief etwa 15 Stunden lang ein. 

Die tibrigen Motoren, welche zu Beginn der Untersuchungen geringe Betriebs- 
stunden aufwiesen, waren gut eingelaufen. Bei dem 1. Kolbenring war durchweg nur 
die Laufflache zur Zylinderwandung verchromt, wobei die Kanten mehr oder weniger 
abgeschragt waren. Die Chromschicht war 0.1 bis 0.15 mm stark und auch iiber die 
abgeschragten Kanten heriibergezogen. Bei dem Motor E waren der an der Laufflache 
gerillte erste und zweite Kolbenring verchromt. 


Darstellung der Ergebnisse der Untersuchungen 


Der Verschleiss langs der Zylinderwandung wurde laufend iiber die Motorbetriebs- 
stundenzahl grafisch aufgetragen. Dabei ist bei allen Motoren festgestellt worden, dass 
die verschleissmassig am starksten beanspruchte Stelle in der Gegend des oberen 
Totpunktes des r. Kolbenringes liegt (Bild 2), wahrend der Verschleiss auf der unteren 
halben Hublange verhiltnismissig gering ist. Fir die Darstellung des zeitlichen 
Ablaufs des Zylinderverschleisses wurden gebildet: 

(a) der Mittelwert des Verschleisses in 1/100 mm senkrecht und parallel zur Kurbel- 
wellenachse im oberen Totpunkt (OT) des 1. Kolbenringes, im folgenden und in den 
Abbildungen mit ,,o MW OT” gekennzeichnet ; 
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(b) der volumetrische Verschleiss auf der oberen halben Hublange in cm3, er wird 
mit ,,Vol 1/2 Hub” bezeichnet. 

Der Kolbenringverschleiss wird dargestellt durch den Gewichtsverlust in 5, dieser 
umfasst also Verschleiss an der Laufflache und an den Flanken. Fiir die Bewertung 
der Motorenzylinder nach der Grésse des Verschleisses ist die Bezeichnung ,,Standzeit”’ 
verwendet worden. Die ,,Standzeit” gibt die Betriebsstundenzahl des Motors an, nach 
welcher die vom Hersteller angegebene héchstzulassige Zylinderabnutzung erreicht 
worden ist und der Zylinder ersetzt oder ausgeschliffen werden muss. 
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Abb. 3. Einflussfaktoren auf die Standzeiten der untersuchten Dieselmotoren. 


STANDZEITEN DER 29 ZYLINDER VON 18 UNTERSUCHTEN MOTOREN 


Diese lagen beim gleichen Motortyp teilweise weit auseinander, z.T. mehr als 100% 
(Abb. 3). Bei einem wassergekithlten Mehrzylinder-Motor trat ein erheblicher Unter- 
schied innerhalb der einzelnen Zylinder auf, wahrend bei einem anderen Motor des 
gleichen Typs der Unterschied gering war (Abb. 4). Die niedrigsten Standzeiten der 
untersuchten Zylinder lagen bei etwa 2500, die héchsten bei etwa gooo h, daran sind 
beteiligt luft- als auch wassergekihlte Zylinder. Bei giinstigen Motorbetriebs- und 
Wartungsverhaltnissen kénnen 6000-7000 h als durchschnittlich gute Standzeit der 
Zylinder angesehen werden. Die héheren Standzeiten der Zylinder sind, im Ganzen 
gesehen, haufiger von den thermostatisch geregelten wassergekiihlten erreicht worden. 
Die luftgekiihlten streuten stark zwischen niederen und hohen Werten. Von grossem 
Einfluss auf die Standzeiten ist der sehr unterschiedliche Anstieg des Zylinderver- 
schleisses zu Beginn des Schlepper-Einsatzes. Die Ursachen liegen im wesentlichen 
in der Giite der Oberflachenbeschaffenheit der Zylinderwandung und Kolbenringe, 
im Einbauspiel von Zylinder und Kolben, der Héhe der Motorbelastung bei Inbetrieb- 
nahme des Motors. Schleppversuche (die Motoren werden auf dem Priifstand elektrisch 
angetrieben und die notwendige Abtriebsleistung in Abhangigkeit von der Drehzahl 
wird gemessen) an mehreren 2- und 4-Takt-Dieselmotoren kleiner und grdésserer 
Leistung zeigen, wie sehr die Werte fiir den spez. Reibdruck differieren kénnen. In 
dieser Reibleistung sind enthalten die Leistung fiir Kolbenreibung, Lagerreibung, 
Ventilbetatigung, Lifter; dabei hat die Kolbenreibung den grissten Anteil. Die 
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gemessenen spez. Reibdriicke lagen bei den 2-Takt-Dieselmotoren zwischen 1.3 und 
2.8 kg/cm? bei 1800-2200 U/min und bei den 4-Takt-Dieselmotoren zwischen 1.9 und 
3.5 kg/cm2 bei 2000-2300 U/min. Interessant in diesem Zusammenhang ist die Ab- 
nahme des spez. Kraftstoffverbrauchs eines fabrikneuen Einzylinder-4-Takt-Diesel- 
motors bei einem Einlauf von ro Std. bei mittlerer Belastung und einer Drehzahl 
von 2100 U/min. Zu Beginn des Einlaufs wurde ein spez. Kraftstoff verbrauch von 
248 g/PSh und nach ro Stunden ein solcher von 218 g/PSh festgestellt. 


VERLAUF DES ZYLINDER- UND KOLBENRINGVERSCHLEISSES 
UBER DEN BETRIEBSSTUNDEN 


Der Verlauf des mittl. Zylinderverschleisses (~ mm) in OT-Stellung des obersten 
Kolbenringes iiber den Laufstunden von 64 luft- und wassergekiihlten Zylindern bzw. 
Zylinderbiichsen (29 aus den Untersuchungen des Instituts fiir Schlepperforschung, 
35 aus Untersuchungen von Motorenwerken) nach Abb. 5 zeigt den unterschiedlichen 
Verschleissanstieg (u/1000 Std.) bis etwa 2000 Betriebsstunden an. Eine grosse Zahl 
von Motoren haben einen grossen Verschleissanstieg, insbes. innerhalb der ersten 
1000 Std., einige Motoren haben geringen Verschleissanstieg. Mit zunehmender 
Betriebsstundenzahl wird der Verschleissanstieg geringer. Bei 6000 Stunden ist der 
zulassige Verschleiss und damit die Standzeit der Zylinder bzw. Zylinderbiichsen 
erreicht. Die untere Hillkurve gehért zu Motoren mit 85, die obere Hiillkurve zu 
Motoren mit 110 mm Durchmesser. Einen ahnlichen Verlauf des Zylinderverschleisses, 
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Abb. 4. Zylinderverschleiss des wassergekiihlten Abb. 5. Zylinderverschleiss von 
4 Zyl. Dieselmotors D III (Zyl. Durchmesser = 64 luft- und _ wassergekiihlten 
90 mm). Ackerschlepper-Dieselmotoren in 
Abhangigkeit von der Betriebs- 
stundenzahl. 


jedoch mit etwas geringerem Verschleissanstieg innerhalb der ersten 1000-2000 Std. 
hat AUHAGEN an einer grossen Zahl von Omnibus-Dieselmotoren festgestellt8. 

Der volumetrische Zylinderverschleiss auf einer Lange = dem oberen halben 
Kolbenhub, aufgetragen iiber die Betriebsstundenzahl, hat eine ahnliche Tendenz 
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wie der Verschleiss in der OT-Ebene des r. Kolbenringes. Der obere halbe Kolbenhub 
wurde fiir ausreichend erachtet, da der Verschleiss auf der unteren Hublange auch 
bei grésserer Betriebszeit im allgemeinen gering ist. Im Durchschnitt ist der volu- 
metrische Verschleiss bei den untersuchten 4-Takt-Motoren etwa halb so gross wie 
der mittlere Verschleiss in OT-Ebene. Daraus geht hervor, dass es geniigt, wenn der 
mittlere Verschleiss in OT-Lage des 1. Kolbenringes als Mass fiir das Fortschreiten 
des Zylinderverschleisses tiber der Betriebsstundenzahl genommen wird. Voraus- 
setzung allerdings ist, dass die Ansaugluft standig gut gefiltert ist. 
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Abb. 6. Zylinder- und Kolbenringverschleiss Abb. 7. Zylinder- und Kolbenringverschleiss 
von 4 luftgekiihlten Dieselmotoren. eines wassergekiihlten Ackerschl.-Diesel- 
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motors (35 PS-1900 U/min). 


KolbenringverschleiB 
N 


03. 
: coe Te 
20 Thogmm 30 


ZylinderverschleiB 
in OT- Stellung des 7. Ringes 


Abb. 8. Kolbenringverschleiss tiber Zylinderverschleiss zweier luftgekiihlter Dieselmotoren 
gleicher Leistung. 


Der Gewichtsverschleiss des 1. Kolbenringes war, obwohl er verchromt war, bei 
allen untersuchten Motoren mit Ausnahme des Motors E am gréssten. (Bei diesem 
war der Gewichtsverschleiss der beiden oberen hartverchromten Ringe geringer als 
der unverchromten Ringe 3 u. 4). Es folgten dann Ring 2, 3, 4 usw. (Abb. 6). Auch 
der Gewichtsverlust der Kolbenringe wurde laufend aufgetragen, die zeitliche Aus- 
wertung ergab dann, dass der Verschleiss des Zylinders im O.T. des ersten Kolben- 
ringes etwa parallel mit dem Gewichtsverschleiss des 1. Kolbenringes verlauft 
(Abb. 7, 8). 

Das Verhalten des 1. Kolbenringes der untersuchten Motoren ist wohl in erster 
Linie auf verhaltnismassig kurze Lebensdauer der Chromschicht zuriickzufiihren. Es 
bilden sich Restschichten mit scharfen Randern, die sehr verschleissf6rdernd sind. 
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Die Abnutzung der Chromschicht der beiden oberen Ringe bei Motor E war gleich- 
missiger und anhaltender, soweit ein tibliches HD-Ol verwendet wurde. 

Auf die hohe Abnutzung der Kolbenringe, insbes. des 1. Ringes, in den unverchrom- 
ten Flanken muss besonders hingewiesen werden. Der hohe Prozentsatz des Gewichts- 
verlustes und des Verlustes an Ringspannung des 1. Kolbenringes ist im wesentlichen 
darauf zuriickzufiihren. Abb. 9 ist typisch fiir alle untersuchten Motoren. In 2 Fallen 
waren die r. Ringe bei stark abgenutzten Ringflanken gebrochen. Diese Motoren 
verwendeten normale HD-Ole. 


EINFLUSS MOTORISCHER BETRIEBSBEDINGUNGEN AUF DEN VERSCHLEISS 


Aus den Untersuchungen geht hervor, dass der Warmezustand des Motors (als Folge 
der Motorbelastung, der Auslegung des Kiihlgeblases und der Temperaturregelung) 
die Giite der Verbrennung sowie die Wartung und Fahrweise einen entscheidenden 
Einfluss auf die Grésse des Verschleisses haben. Ein Einfluss der Motordrehzahlen, 
innerhalb der Bereiche von 1500 und 2200 U/min bzw. der mittleren Kolbenge- 
schwindigkeiten von 6.4 bis 8.1 m/sec auf den Zylinderverschleiss konnte bei diesen 
Versuchen generell nicht festgestellt werden. 
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Abb. 9. Verlust an Ringspannung und Gewicht Abb. 10. Unterschiedlicher Zylinderverschleiss 
der Kolbenringe eines luftgekiihlten Acker- eines wassergekiihlten Mehrzylindermotors. 


schlepper-Dieselmotors. 


Der Einfluss der Giite der V erbrennung auf den Verschleiss war eindeutig zu erkennen. 
War die Verbrennung eines Motormusters von Grund auf nicht voll zufriedenstellend, 
dann musste bei schlechter Wartung, falscher Fahrweise infolge eines zu hohen 
Getriebeganges (zu haufiges Fahren im Vollastgebiet bei abfallender Motordrehzahl) 
eine Verschlechterung der Verbrennung frithzeitig auftreten und den Zylinderver- 
schleiss beschleunigen. Nachweisbar war der Einfluss schlechter Verbrennung auf 
den Zylinder- und Kolbenringverschleiss bei dem wassergektihlten Motor D.I. (Abb. 
10). Sie trat auf im Zylinder 4 (ungiinstigster Zylinder) als Folge einer vermeidbaren 
Veranderung der Austrittséffnungen der Vorkammer, zu grosser Kraftstoffmenge, zu 
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spater Kraftstoffeinspritzung. Die Auswirkung der schlechten Verbrennung zeigte sich 
nach 2000 Betriebstunden auch an den dazugehérigen Kolbenringen. Die Chrom- 
schicht des 1. Ringes war fast véllig bis auf scharfe Rander weggeschliffen. Nach 
Beseitigung der Mangel an der Vorkammer und Einsetzen eines neuen verchromten 
1. Kolbenringes war der Verschleissverlauf von Zylinder 4 etwa wie derjenige der 
anderen 3 Zylindern mit guter Verbrennung von Anfang an. Dieses Beispiel zeigt, 
wie wichtig es ist, dass die Verbrennung aller Zylinder desselben Motors gleich gut ist. 

Wie sehr der Russgehalt im Ol durch haufiges Anlassen, durch zu niedrige Zylinder- 
temperaturen und schlechte Verbrennung ansteigen kann, zeigt das Beispiel der 
Analysen des Motors A II nach Abb. 11 und 12. Der max. Russgehalt von B79 ast 
ausserordentlich hoch. 


—— 1952 Morz Moi = Juli Okt. Dev. 
— 7953 


Abb. 11. Analysendaten der Proben eines . Abb. 12. Bestandteile der Altél-Proben. 
legierten Oles S.A.E.30 aus Motor A II. 
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EINFLUSS DER TEMPERATUREN AM ZYLINDER UND ZYLINDERKOPF 


Ein Einfluss der Temperaturen am Zylinder und Zylinderkopf auf den Verschleiss 
wurde bestatigt durch die luftgekihlten Motormuster A und B, bei denen Tempe- 
raturmessungen vorgenommen wurden. Die Zylinderkopf- (zwischen Ein- und 
Auslassventil) und Zylinderwandtemperaturen (OT-Lage des 1. Kolbenringes) bei 
Motormuster A lagen bei Vollastbetrieb (20° C Aussentemperatur) bei etwa 185°C, 
bzw. 155°C, also etwa 50 bis 120°C niedriger als bei Muster B. Beide Motoren- 
muster haben die Wirbelkammer im Zylinderkopf angeordnet. Der Motor A wurdt 
damit bei haufiger Teillast, insbesondere bei niedriger Aussentemperatur, zu kihl 
gefahren. Das trifft insbesondere zu fir die Motoren A II und A III, die nach dem 
gemessenen Kraftstoffverbrauch eine verhaltnismassig geringe mittlere Motorbe- 
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lastung aufwiesen. Diese Unterschiede im Warmezustand des Zylinders und des 
Zylinderkopfes werden mit als Grund fir das verschiedenartige Verschleissverhalten 
der Motormuster A und B angesehen. 

Sowohl aus diesen Verschleissuntersuchungen wie aus anderen eigenen Messungen 
iiber Zylindertemperaturen (Abb. 13) geht zwingend hervor, dass die Regelung der 
Kiihlluft auch bei luftgekiihlten Motoren angebracht ist, wobei fiir die Zylinder- 
wandung nicht hdhere Temperaturen als 220° und fiir den Zylinderkopf, zwischen 
den Ventilen, nicht héhere Temperaturen als 250°C zugelassen werden sollten. Zu hohe 
Temperaturen beschleunigen den Zylinder- und Kolbenringverschleiss; die meist 
geringfiigige Olmenge, die dem obersten Kolbenring zur Verfiigung stehen, verkokt 
zum grossten Teil, es kommt zur gemischten Reibung und somit zur unmittelbaren 
Beriihrung von Oberflachenspitzen und damit zu grésserer Abnutzung. 


schneller leerlauf —=— Vollast bei max rv 


Mitte 


UY 
y 
U 


Abb. 13. Zylinder- und Zylinderkopftemperaturen bei luft- und wassergekiihlten Ackerschlepper- 
Dieselmotoren. 


EINFLUSS DES SCHMIEROLES AUF DEN ZYLINDERVERSCHLEISS 


Uber die Schmierverhaltnisse der 18 Motoren gibt Tab. IT Aufschluss. 


TABELLE II 


E Pies Olmenge im ‘ 
Schlepper, Motoren Ol Viskositat K Olmenge bezogen 
nach SAE urbsigehause auf 11 Hubraum 


in 1 
AST TLE Tv unlegiert 5.5 4-3 
A II legiert 555 4.3 
AV legiert 9. 4-5 5.4 
BI, Ill, IV legiert faa) 4.0 3.0 
BIl unlegiert z 4.0 3.0 
BV, VI legiert 5 6.0 2.3 
CE legiert 2 6.4 4.5 
Cil unlegiert eal 6.4 4.5 
DI, Il, II legiert a 0 2.5 
DIV legiert 5.5 2.6 
E legiert 7-5 3.2 
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Die legierten Ole waren, nach Olriickstanden, Schlammablagerung in den Ring- 
nuten und Kolbenbolzaugen zu beurteilen, offensichtlich den unlegierten Olen iiber- 
legen (Abb. 14). Bei den unlegierten Olen trat auch eher eine Olalterung ein als bei 
den legierten Olen bei gleicher Olwechselzeit, wie z.B. bei den Motoren C I und C II 
beobachtet worden ist. Es war jedoch nicht eindeutig méglich, aus den chemisch 
physikalischen Daten der Altéle Schliisse iiber die Qualitat des eingesetzten Frisch- 
les, insbesondere hinsichtlich des Verschleissverhaltens, abzuleiten. Eindeutig war 
aber bei den Motoren mit schlechter Verbrennung die Erkenntnis, dass die wesens- 
fremden Olverschmutzungen innerhalb der iiblichen Olwechselzeiten sehr hoch sein 
kénnen, insbesondere bei alteren Motoren. Es werden Alterungsprodukte vorgetauscht, 
die vorwiegend aus der unvollkommenen Verbrennung des Kraftstoffes stammen. 
Abb. 11 zeigt die Analysendaten der Proben eines legierten Oles SAE 30 aus Motor 
A II mit hohem Zylinderverschleiss mit einem hohen Russgehalt bis 3.79%. Das Bild 
ist ein klassisches Beispiel fiir den Einfluss der Jahrestemperaturen auf die wesens- 
fremden Olverschmutzungen bei einem luftgekiihlten Motor mit nicht geregelter 
Kihlluftmenge und wenig guter Verbrennung. Die Kurven fiir das benzinunlésliche 
und den Russgehalt verlaufen parallel zueinander, wahrend die benzolléslichen Anteile, 
das sind die eigentlichen Alterungsprodukte des Schmierdles, fast gleichbleibend gering 
sind. 

Der Olverbrauch lag bei den Motoren mit geringem Zylinder- und Ringverschleiss 


Abb. 14. Laufbild eines Kolbens mit Ringen eines Ackerschlepper-Dieselmotors, mit legiertem Ol 
(HD Ol) betrieben. 
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bei etwa 0.5°% des Kraftstoffverbrauches, bei den Motoren mit hohem Verschleiss 
stieg er bis zu 1.5% an. Ein Einfluss der Olviskositat innerhalb SAE 20 bis SAE 30 
war nicht festzustellen. 

Interessante Beobachtungen wurden bei Motor E gemacht. Dieser Zwei-Zylinder 
wassergekiihlte Zweitakt-Dieselmotor von 50 PS hatte Gleichstromspilung, 2 Auslass- 
ventile und Ladegeblise (Roots) und war in einen landwirtschaftlichem Raupen- 
schlepper fiir schweren Zug eingebaut. Bis 1600 Std. wurde ein legiertes Ol iiblicher 
Qualitat verwendet? Der Zylinderverschleiss war normal, der Gewichtsverschleiss der 
beiden oberen hartverchromten Kolbenringe 5%, der unverchromten Dichtringe 3 
und 4 etwa 9% vom Ausgangsgewicht. Da bei diesem Ol aber die Uberstrémkanile 
vom Rootsgeblase zum Zylinderinnern stark durch Verbrennungs- und Olriickstande 
zugesetzt waren, wurde auf ein Super-HD-O] iibergegangen mit dem Ergebnis, dass die 
Uberstrémkaniale wahrend der weiteren rd. 2500 Std. véllig frei blieben, aber der 
Zylinder- und Kolbenringverschleiss ganz erheblich anstieg. Der Gewichtsverschleiss 
der beiden oberen Kolbenringe stieg auf 23°% bzw. 18%, jener der Dichtringe 3 und 4 
sogar auf 32 bzw. 31% an. Kraftstoffqualitat, Belastung des Motors waren unver- 
andert geblieben. Es liegt nahe, anzunehmen, dass dieser ungewodhnlich hohe Ver- 
schleiss auf das Super-HD-Ol in Verbindung mit dem Werkstoff der Zylinderbiichsen 
und Kolbenringe zuriickzufihren ist. 


EINFLUSS DES WERKSTOFFES (GEFUGE, CHEMISCHE ANALYSE UND HARTE) AUF DEN 
VERSCHLEISS 


Der Einfluss der Werkstoffeigenschaften auf den Verschleiss muss im Zusammenhang 
mit dem Reibungsvorgang betrachtet werden. Beim idealen fliissigen Reibungszustand 
wiirde ein Verschleiss kaum auftreten, an die Verschleissfestigkeit des Werkstoffes 
brauchten keine hohen Anforderungen gestellt zu werden. Bei der gemischten Reibung, 
mit der wir es beim Zylinder, in den Gebieten des oberen Totpunktes des 1. Kolben- 
ringes wahrscheinlich haufig zu tun haben, kénnen die mechanischen Eigenschaften 
des Werkstoffes (Gefiige, Oberflachenbeschaffenheit, Harte) auf den Verschleiss einen 
mehr oder weniger grossen Einfluss haben. Dies gilt in besonderem Masse fiir den 
1. Kolbenring, der meist recht ungiinstigen Betriebsbedingungen ausgesetzt ist. 

Nach den umfangreichen Forschungsergebnissen aus der Literatur ist der Einfluss 
der Gefiigeausbildung auf die Verschleissfestigkeit bedeutend. Es wird fiir Zylinder- 
guss eine gleichmassig perlitische Grundmasse verlangt, in welcher Grafit feinlamellar 
ausgebildet sein soll. Eine feine netzartige Verteilung des harten Phosphiteutektikums 
soll die Verschleissfestigkeit erhéhen. Die chemische Zusammensetzung des Werk- 
stoffes hat offenbar nur insofern Einfluss auf die Verschleissfestigkeit, als sie sich in 
einer bestimmten Art auf das Gefiige auswirkt, was auch fiir die Legierungssatze 
Nickel, Chrom, Molybdan, Vanadium gilt. 

Aus den Untersuchungsergebnissen mit 29 Zylindern bzw. Zylinderbiichsen deut- 
scher Schlepper-Dieselmotoren, deren Analysendaten auf S. 429 angegeben sind, kann 
entnommen werden, dass verschleisshemmend wirken: zunehmender Gehalt an GHGr. 
P, abnehmender Gehalt an Si und abnehmender Ferritanteil. Mit zunehmenden 
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Hartewerten nimmt der Verschleiss etwas ab. Diese Feststellung bezieht sich aus- 
schliesslich auf die untersuchten Motoren mit Hartewerten der Zylinderlaufflachen 
innerhalb 207 und 239 BH. Bei den meisten Motoren war bereits nach 2~3000 h ein 
mehr oder weniger starkes Abschleifen der Chromschicht des obersten Ringes fest- 
zustellen. Die Brinellharte des obersten Kolbenringes nach abgeschliffener Chrom- 
schicht war etwa 10-20 HB. hoher als die der dazugehorigen Zylinderbiichsen. Die 
Hartewerte der tibrigen Dichtringe lag etwa in der gleichen Gréssenordnung wie die 
der Zylinder. 

Die mittleren Kenndaten der Zylinder- und Kolbenring-Werkstoffe des Motors E 
sind auf S. 430 aufgefiihrt. Trotz der ausserordentlich hohen Harte der Zylinderlauf- 
flache ist ein grosser Verschleiss bei Verwendung von Super-HD-Olen beobachtet 
worden, wahrend der Verschleiss an den gleichen Zylindern bei den iiblichen HD-Olen 
verhaltnismassig niedrig gewesen ist. 
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SUMMARY 


A method is described for studying the reactions between Extreme Pressure (E.P.) additives and 
metal surfaces at temperatures up to 600°C. A thin metal wire is heated electrically while immersed 
in an E.P. oil. Wire temperatures are obtained from a knowledge of the resistance/temperature 
characteristics of the metal used. The rate and extent of reaction between metal and E.P. additive 
can be deduced from the change in resistance of the wire with time. Typical results illustrate 
the applicability of the method to the study of the mechanism of action of E.P. additives. 


ZUSAMMENFASSUNG 


METHODE ZUM STUDIUM DER REAKTIONEN ZWISCHEN H.D. ZUSATZEN UND METALLOBERFLACHEN BEI 
HOHEN TEMPERATUREN 


Es wird eine Methode beschrieben, die das Studium der Reaktionen zwischen Hochdruckzusatzen 
(H.D., englisch E.P.) und Metalloberflachen bei Temperaturen bis 600°C erméglicht. Ein diinner 
Metalldraht wird elektrisch erhitzt wahrend er in einem H.D.Ol getaucht ist. Die Drahttemperatur 
wird aus der bekannten Widerstands-Temperatur Kennlinie erhalten. Die Geschwindigkeit und 
der Umfang der Reaktion zwischen Metall und H.D. Zusatz, wird aus der Anderung des Draht- 
widerstands mit der Zeit abgeleitet. Typische Ergebnisse erlautern die Anwendungsméglichkeiten 
der Methode auf das Studium des Wirkungsmechanismus von H.D. Zusatzen. 


INTRODUCTION 


The importance of additive reactivity in Extreme Pressure (E.P.) lubrication follows 
as a natural consequence of the vast amount of research done over the past twenty 
years or so in elucidating the mechanism of action of E.P. additives. BowDEN AND 
Tasor! have shown that even in well lubricated systems, surface temperatures in 
the contact zone between sliding metals could approach the melting point of the metal. 
For this reason it has been suggested® that Extreme Pressure additives could equally 
well be described as ““Extreme-Temperature’”’ additives. 

It is the high temperature generated in the contact area (in gears for example) 
which causes the E.P. additives to react with the metal surface. Phosphide3, chloride4, 
and sulphide':6 films have been reported as formed on metal surfaces lubricated with 
additives containing phosphorus, chlorine and sulphur respectively. 

The beneficial effect of using E.P. additives is thought to result from the decrease 
in metal/metal contact between the mating surfaces due to the reacted film and from 
the gradual smoothing of the surfaces by chemical corrosion. 
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It is well known in gear lubrication that an unreactive additive gives very little 
protection against scuffing. Conversely, too high a reactivity is undesirable since 
chemical corrosion of the metal parts may be excessive. The additive must therefore 
be chosen carefully so that reaction occurs only when the temperature in the contact 
area rises dangerously. To be able to choose an additive in this way we must know 
the rate of reaction between metal and additive (i.e. reactivity) at the temperature 
in the contact zone. 

PrutTtTon’ and others investigated the reactivities of some E.P. additives towards 
pure iron at temperatures up to 250°C. They achieved some success in relating additive 
reactivity — at 200°C-250°C — with effectiveness in preventing seizure in shock-tested 
hypoid gears. Where large differences in reactivity, at low temperatures, are apparent, 
it may well be that these differences remain, even at the high local temperatures 
achieved in practice. Measurements of additive reactivity at relatively low tempera- 
tures could therefore have some value in such cases. This would not always be so; 
in fact it is not difficult to envisage a case where the effect of temperature on the 
reactivity of two additives was such that their relative reactivities at low and high 
temperatures were reversed. The problem is how to measure additive reactivity at 
or near the local high temperatures attained in practice. 

LEVINE AND PETERSON® met with some success in their approach, which consisted 
of heating steel discs to high temperatures and plunging them into solutions of free 
sulphur in cetane. Disc temperature, rate of cooling and extent of reaction were 
measured. This technique certainly achieved the high transient temperatures gener- 
ated on loaded metal surfaces during sliding. As a research tool, however, it had several 
drawbacks. 

It occurred to us that high metal temperatures could be achieved simply by heating 
electrically a thin metal wire, immersed in a suitable oil. By incorporating various 
E.P. additives into the oil we hoped to differentiate between them in terms of the 
rate of attack on the wire at different temperatures, the rate of attack being followed 
by observing changes in resistance of the wire with time. This proved to be possible 
and rates of reaction between metal and additives obtained at various temperatures 
were expressed as Arrhenius-type plots (logio reaction rate against 1/T°K). The 
maximum temperatures achieved by this method were limited to about 600°C but 
it is possible to extrapolate the reactivity/temperature relationships to higher temper- 
atures if necessary. 

This paper describes the method and presents results selected to show the applica- 
bility of the technique to the study of the mechanism of action of E.P. additives. 


EXPERIMENTAL 
Apparatus 
A circuit diagram of the apparatus used in the experiments is shown in Fig. 1. 
Basically the apparatus consists of a wire, supported across two terminals, immersed 
in an oil. Provision for stirring the oil and measuring its temperature are also in- 
corporated. The two circuits can be connected to the wire by the double pole, two-way 
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switch. In this way, the heating circuit (24 volts) can rapidly be changed to the 
measuring circuit (2 volts). The resistance of the wire while current is flowing is 
determined by comparing the potential drop across the wire with that across the 
standard resistances. Reaction between additive and wire, by decreasing the diameter 


POTENTIOMETER 


—— POTENTIAL DIVIDER 
“HOT WIRE” 


| nm STANDARD 
RESISTANCE 


Hi A 
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Fig. 1. Circuit diagram of apparatus used. 


of the wire, increases its resistance and hence by resistance measurements we can 
deduce the reaction rate. The temperature of the wire can be varied by altering the 
driving voltage across it, and so the rate of reaction between wire and additive can 
be measured at different temperatures. The reaction temperature is obtained from 
a knowledge of the resistance/temperature characteristics of the metal used. The 
following example illustrates the way the results were obtained. 


Measuring Circuit 


Pot. drop 


. Pot. drop Resistance Resistance 
ie Se *: Fi ee across the wire of wire corrected baits 
(Volts) (Volts) (Ohms) to 20° C a 
fo) 0.9738 0.9751 10.013 9.841 37-20 
10 0.9650 0.9844 10.201 9.948 44.80 
Heating Circuit 
Time te Fabel ot 1/r0 Pot. drop Resistance a 5 TC 
(min) Mantird across the wire of wire io Incr. sn , 
(Volts) (Volts) (Ohms) resistance wire 
fe) 0.8203 1.1664 14.22 44.5 552 
10 0.8014 1.1688 14.58 40.6 584 
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Additive: Dibenzyl disulphide 2% w in Medicinal White Oil. Wire: F.S.T. Stainless 
Steel. 


Average temperature of wire during reaction period =—500 © 
Total change in resistance due to reaction with additive — 0.107 ohm 
Converting resistance change to thickness of metal reacted = 1,300 A 
Average rate of reaction = 130 A/min. 


Originally a fresh piece of wire was used for each temperature at which the reaction 
rate was measured. The results obtained in this way were not significantly different 
from those in which the wire was used unchanged over a range of temperatures. We 
therefore adopted the latter method and the results reported here were obtained in 
this way. The temperature of the bulk oil increased slightly during experiments owing 
to the heating effects of the wire; the resistance of the wire was therefore always 
corrected to 20°C. For convenience, the changes in resistance of the wire due to attack 
by the additive have been converted to A of metal which have reacted on the surface 
of the wire. The rate of reaction has been expressed in A metal reacted/minute. 

During the reaction period the oil was not stirred since convection currents set 
up by the hot wire ensured an adequate supply of additive to the metal surface. 
Rough calculations based on the flow rate of oil round the wire showed that diffusion 
of additive to the metal surface could not be a rate-determining step. 


Choice of metals 

The choice of metals to use in the technique is governed by the accuracy with which 
the temperature and rate of reaction can be measured. Changes in resistance of the 
wire can be more accurately measured when the initial resistance is high (10 ohms or 
more). Hence wires drawn to 2-1o~* in. diam. or less are preferable and this limits the 
choice to metals which can be drawn to fine dimensions. 

In addition, no anomalous resistance changes can be tolerated, hence metals which 
show irregular changes in resistance with temperature cannot be used. Finally, the 
temperature/resistance characteristics of the wire over the temperature range covered 
should be regular and capable of being measured. 

In spite of these limitations a number of metals have shown promise in our ex- 
periments. They are: 

1. F.S.T. Stainless steel. (0.1% C; 0.6% Si; 0.8% Mn; 18% Cr; 8.5% Ni; 72% Fe.) 
2, Brightray B. 65% Ni; 20% Fe; 15% Cr. 

3. Mild steel. 

4. Pure iron. 

ure silver. 

6 


. Pure copper. 
Of these, the accuracy of results was greatest for F.S.T. stainless steel and decreased 


in the order shown. The results presented later were obtained with stainless steel. 
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S.T. STAINLESS STEEL AS RECEIVED 

S.T. STAINLESS STEEL AFTER HEAT TREATMENT 

S.T. STAINLESS STEEL CORRODED TO ABOUT 4000 A® DEPTH 
S.T. STAINLESS STEEL CORRODED TO ABOUT 30,000 A° DEPTH 


F. 
F. 
F. 
E: 


°C 


TEMPERATURE, 


0 5 10 15 20 25 30 35 40 45 
AR % OF RESISTANCE AT 20 °C 


Fig. 2. Resistance/temperature characteristics of F.S.T. (stainless steel) wire (changes in resistance 
above 20°C). 


700 
© PURE IRON ‘WIRE AS RECEIVED 
x PURE IRON WIRE AFTER HEAT TREATMENT 
© PURE IRON WIRE CORRODED TO ABOUT 4000 A° DEPTH 
4 PURE IRON WIRE CORRODED TO ABOUT 20,000 A®° DEPTH 
600 


500 


°c 


400 


300 


TEMPERATURE, 


200 
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OR % OF RESISTANCE AT 20 °C 


Fig. 3. Resistance/temperature characteristics of pure iron wire (changes in resistance above 20°C). 
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Measurement of reaction temperatures 

The reaction temperature was taken to be the temperature of the wire and this 
was obtained from a knowledge of its resistance/temperature characteristics. Fig. 2 
shows the resistance change with temperature for F.S.T. stainless steel. Also shown 
is the effect of heat treatment and moderate and severe corrosion on the resistance/ 
temperature characteristics of the wire. Fig. 3 shows the behaviour of pure iron under 
similar conditions. 

The results show the change in resistance of both wires with temperature to be 
unaffected by either heat treatment or moderate corrosion. For stainless steel cor- 
rections would have to be made only when severe attack by the additive occurred. 
These measurements were made with the temperature decreasing as well as increasing. 
On completing the cycle the graph passed through the origin showing that the initial 
resistance of the wire had been unaffected by the high temperatures reached. Con- 
firmation of this was made during blank runs in an unreactive medium. 

From these results we felt confident of obtaining reaction temperatures with suffi- 
cient accuracy for our purpose. 


Accuracy of the method 

The value of the results obtained naturally depends on the ability of the method 
to distinguish between the reactivity of E.P. additives. This in turn depends on the 
sensitivity of the resistance-measuring device. The potentiometers used are nominally 
capable of measuring changes in resistance of I in 10,000. A change of this order in 
a wire 2-10~3 in. diam. corresponds to a change in radius of about ro A. 

In practice, this accuracy is never attained because of external factors. For example, 
the temperature of the bulk oil (which affects the resistance of the wire) could not 
be kept constant to better than 0.05°C; contact resistances between the wire and ter- 
minals sometimes varied and so on. Many of these errors, however, are self-cancelling 
and we consider that changes in radius of the wire of about too A can be readily 
detected. 

The temperature of the wire can be assessed with considerable precision as pre- 
viously described. This temperature, however, at constant voltage, does not remain 
steady but increases with time since reaction at the wire surface continually lowers 
the efficiency of heat transfer from metal to oil. In presenting the results we average 
the temperatures reached during the reaction period and use the mean value. This 
seems satisfactory provided the average is of temperatures not more than about 30°C 


apart. 


Validity of results 

The validity of using measurements of resistance to deduce the reaction rate 
between E.P. additives and the wire rests on two basic assumptions: 

(r) Attack by the additive is uniform over the whole of the metal surface. 

(2) The product formed is non-conducting. 
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Copper plating Wire Corrosion product Wire 
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owed eee Re ae 


Before After 


Fig. 4. Iron wire (0.010 in. diam.) before and after reaction with a chlorine-containing additive. 
(Magnification x 150) 


Wire Wire 


t t 


Perspex coating Perspex coating 


Fig. 5a. After reaction with dibenzyl disulphide. Fig. 5b. After reaction with tritolyl phosphate. 
(Magnification x 900) (Magnification x 900) 
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Fig. 4 shows a magnified cross section of an iron wire before and after reaction with 
a commercial chlorine-containing additive. Fig. 5 shows iron wires reacted with tri- 
tolyl phosphate and dibenzyl disulphide respectively. Because of the method of 
preparing the specimen the reacted film on the wire in Fig. 5 (right) cannot be ob- 
served. However, it is clear that in every case the metal has been corroded away 
uniformly. 

We have assumed that the reacted layer on the wire surface is non-conducting, 
irrespective of the nature of the product. Insufficient data is available to be able to 
confirm this for chloride and phosphide compounds. Iron sulphide, however, has a 
relative resistance some ten thousand times greater than that of iron. 


PRESENTATION OF RESULTS 


The rate of reaction between an E.P. additive (containing sulphur as the only active 
element, say) and the metal can be simply represented: 


Rate of formation of FeS = k(Fe) (Additive) 


k = Velocity constant. 
(Fe) = Number of iron atoms on the wire surface available for reaction. 
(Additive) = Concentration of additive. 


The surface area of the wire is very small, hence during reaction little additive is used 
up. The concentration of additive therefore remains sensibly constant throughout the 
reaction. If we choose the reaction conditions so that the thickness of the reacted 
layer is small and under such conditions assume that diffusion of metal through the 
reacted film is unhindered by the product formed the number of iron atoms available 
for reaction remains constant and we can put: 


Rate of formation of FeS. = k. constant 
(thin layers) 
Since 
—E : 
lostk-— Rr + constant (Arrhenius equation) 


E = activation energy 
R = gas constant 
T = absolute temperature 


it follows that: 


—E 
log (Rate of formation of FeS) = RT + constant 


[specified conditions} 


If the assumptions are justified, the plot of log (reaction rate) against 1/T should be 
a straight line (or very nearly). This was found to be so except for additives containing 
phosphorus as the only reactive element. Throughout, the reaction rate is expressed 
in terms of the thickness of metal (A) which has reacted in unit time. 
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RESULTS AND DISCUSSION 


Additives containing sulphur as the only active element 

Fig. 6 shows the reactivity/tempetature relationship for dibenzyl disulphide and 
for a commercial sulphurised sperm oil. The additives were used at a concentration 
of 0.5%w S in Medicinal White Oil (M.W.O.). The wire in this and subsequent tests 


was F.S.T. stainless steel. 


+ COMMERCIAL SULPHURIZED SPERM OIL 
x DIBENZYL DISULPHIDE 
BLENDED IN MEDICINAL WHITE OIL TO 0-5%w S$ 
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Fig. 6. Reaction between sulphur-containing additives and stainless steel. 


It is clear from the graph that the reactivity of the sulphurised sperm oil is much 
higher than that of dibenzyl disulphide. The results of spur gear tests (Table I) on the 


TABLE I 
LA.E. 3} in. CENTRES GEAR RIG 


Test Conditions: Speed: 4,000 r.p.m.; Oil flow: 1 pint/min; Oil temp.: 70°C. 
Additives were dissolved in Medicinal White Oil (M.W.O.) to 0.5% wS. 


Si Average scuffing load 
Additive (1b.) : 
None 38 
Sulphurised sperm oil 80 
Dibenzyl disulphide 65 
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same additive oils show sulphurised sperm oil to be superior in preventing scuffing. 

It is interesting to observe from the slope of the curves that low temperature studies 
of reactivity would also put sulphurised sperm oil as the more reactive additive. For 
these additives, whose reactivities differ considerably, measurement of reactivity at 


either low or high temperatures would predict their relative effectiveness in spur gear 
lubrication. 


Additives containing chlorine as the only active element 


The relationship between reactivity and temperature for a commercial chlorinated 
wax is shown in Fig. 7. The additive was used in M.W.O. at concentrations of 16°%w 
(6.4% w Cl), 8% w and 4°%w. The graph shows that at all temperatures the reactivity 
of the additive increased with increase in concentration. PRUTTON and others? have 
shown that a high concentration of a chlorinated wax (to 6°{w Cl) is needed to pass a 
hypoid shock test. Concentrations at 3°4w Cl level (and presumably less) failed. 

Success in passing the shock test is presumably associated with a minimum reactivi- 
ty of the chlorinated wax. This minimum rate of reaction occurs at concentrations 
between 8%w and 16%w of additive. By using more reactive additives or additive 


* 16% ADDITIVE IN MEDICINAL WHITE OIL 
© 8% ADDITIVE IN MEDICINAL WHITE OIL 
© 4% ADDITIVE IN MEDICINAL WHITE OIL 
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Fig. 7. Reaction between a chlorinated wax and stainless steel: Effect of concentration. 
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combinations it is possible that this reaction rate could be achieved at less additive 
content. 


Mixed sulphur and chlorine additives 


To illustrate this point Fig. 8 shows the reactivity/temperature relationships for: 

(1) Dibenzyl disulphide (0.5% w S) in M.W.O. 

(2) 8%w Chlorinated wax (3.2%w Cl) in M.W.O. 

(3) Combination of 1 and 2 (0.5%w S, 3.2%w Cl) in M.W.O. 

(4) 16°4w Chlorinated wax. 

The increase in reactivity of the additive combination over either additive alone 
is considerable. The reactivity of the mixture at higher temperatures (e.g. 600°C) was 
even greater than that of 16°%,w chlorinated wax. X-ray analysis of the reaction 
product between metal and additive combination showed that the reaction product 
was FeCle (hydrated). No iron sulphide was detected. (Film thickness less than 1000 A 
cannot easily be detected by X-ray diffraction). 

The additive combination, dibenzyl disulphide (0.5°%,w S) and chlorinated wax 
(3.0%w Cl) was shown by Prutton and others? to pass the hypoid axle shock test. 


40 
|. DIBENZYL DISULPHIDE (0:5°3w S) 
2. CHLORINATED WAX  (8°4w) 
3. DIBENZYL DISULPHIDE (0:5°;, w S) 
\ + CHLORINATED WAX (8°, w) 
~ 2(a) CHLORINATED WAX (16°, w) 
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Fig. 8. Mixed additives in medicinal white oil. 
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We therefore confirm their suggestion that the beneficial effect of using mixed sul- 
phur and chlorine additives in practice was due to the more rapid formation of the low 
shear strength ferrous chloride on the mating surfaces. 


Zinc dithiophosphate additives 


The class of compounds typified by zinc dihexyl dithiophosphate has sprung to 
prominence recently because of their ability to prevent scuffing in valve train me- 
chanisms. The effectiveness of such compounds appears to be related to the nature 
of the organic part in the molecule!®. Fig. g shows the reactivity/temperature re- 
lationships for two zinc dithiophosphates (0.5°4w S in M.W.O.). Additive A differs 
from B in that the organic part is wholly alkyl, not aryl. The differences in reactivity 
are considerable. The results show that structural changes have a considerable effect 
on the reactivity of such additives and this is reflected in their performance in practice. 


Additives containing phosphorus as the only active element 


Considerable difficulty was experienced in obtaining repeatable results on E.P. 
additives containing phosphorus as the only active element. Fig. 10 shows the scatter 
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Fig. 9. Effect of structure on reactivity of zine dithiophosphates. 
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of results when an attempt was made to obtain temperature/reactivity relationships 
for tritolyl phosphate (0.5%w P in M.W.O.). The most probable explanation is that 
even a thin film of reaction product (500 A or less) on the wire surface was sufficient 


A°/min 


LOG jg REACTION RATE, 
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Fig. 10. Reactivity of tritolyl phosphate (0.5% w P in medicinal white oil) with stainless steel. 


to inhibit further reaction. Consequently, our basic assumption made earlier that 
diffusion of metal through the reacted surface layer occurs readily no longer holds 
and the results cannot be treated kinetically. The reaction product was identified 
(X-ray diffraction) as FegP. The failure to obtain kinetic data on tritolyl phosphate 
does, however, provide a clue to its mode of action in practice. If, for example, iron 
phosphide films thicken very slowly it may be that little reaction product would be 
formed in practice. The load-carrying capacity of phosphorus additives can be ex- 
plained if: 

(a) thin phosphide layers on gear surfaces are as effective as much thicker sulphide 
layers, or 

(b) phosphorus additives are very strongly adsorbed on the metal surfaces and 
function as boundary lubricants. 

Both factors, could, of course, operate together. At present it is not possible to 
decide which mechanism is more important. It is unlikely that reactivity studies on 
phosphorus additives can be of much use if adsorption or chemisorption is responsible 
for their effectiveness. 


CONCLUSION 


We have shown the technique to be capable of measuring E.P. additive reactivities 
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up to fairly high temperatures, thus giving more realistic results than low temperature 
studies. In addition, the composition of the reaction product(s) can also be investigated 
by X-ray diffraction techniques. The method is rapid, simple in operation, and can 
be used as a rapid “screening” test to separate the unreactive from the reactive 
additives. Provided the metal can be obtained as a fine wire not subject to variations 
in its temperature/resistance characteristics there is no limit to the metallurgical 
combinations that can be used. It is also worth noting that although the results 
reported here were obtained with stainless steel we have some evidence indicating 
that reactivity ratings of E.P. additives are independent of the steel used although 
of course the rate of reaction may vary widely with each steel. This is important since 
it is impossible to obtain wires in steels from which gears are made. 

The application of the method is not limited to the study of E.P. additive reactivity 
but could be adapted to investigate general corrosion problems occurring at high 
temperatures. 
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THE FRICTION AND STRENGTH OF CLEAN GRAPHITE AT 
HIGH TEMPERATURES 
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~ 


Tube Investments Research Laboratories, Hinxton Hall, Cambridge (Great Britain) 


SUMMARY 


This paper describes an experimental study of the friction and strength of graphite at temperatures 
up to 2,000°C in a high-vacuum furnace. 

The apparatus is arranged so that both sets of measurements can be made in the same furnace 
and under almost identical conditions, using graphite from the same stock. Forces up to 100 lb. 
can be applied to fracture graphite specimens under combined shear and compression, for com- 
parison with sliding experiments. It is found that under these heavy loads, as in earlier light-load 
experiments, the friction of outgassed graphite is about “7 = 0.4 at room temperature, compared 
with « = 0.2 before outgassing. The friction falls, however, as the temperature of the sliding 
specimens is increased. The strength of graphite is also increased by outgassing, from 1,600 Ib./in.? 
initially to 2,200 lb./in.2 after outgassing at 2,000°C, and can be reduced again by admitting air. 
Temperature itself has little influence, at least up to 1,800°C, on the strength of graphite. 

The results emphasise the importance of controlling the atmosphere for measurements of the 
mechanical as well as the frictional properties of graphite. 


ZUSAMMENFASSUNG 


REIBUNG UND FESTIGKEIT VON REINEM GRAPHIT BEI HOHEN TEMPERATUREN 
Die Reibung und Festigkeit von Graphit wurde iiber einen Temperaturbereich bis zu 2000°C in 
einem Hochvakuumofen untersucht. 

Die Apparatur erlaubt Messung beider Eigenschaften unter beinahe identischen Bedingungen 
in demselben Ofen und an derselben Graphitprobe. Zum Vergleich mit den Reibungsversuchen 
wurden Bruchversuche unter Zusammenwirkung von Schub -und Kompressionskraften ausgefiihrt, 
wobei Krafte bis zu 45 kg angewandt wurden. Es zeigt sich, dass unter diesen schweren Lasten, 
ebenals bei friiheren Versuchen mit leichten Lasten, die Reibung eines entliifteten Graphits einem 
Koeffizient von etwa “4 = 0.4 bei Zimmertemperatur entspricht, gegeniiber einem urspriinglichen 
Wert von mw = 0.2. Die Reibung sinkt jedoch mit zunehmender Temperatur der gleitenden Probe. 
Die Festigkeit von Graphit nimmt ebenfalls mit Entliiftung zu und zwar von einem urspriinglichen 
Wert von 112 kg/cm? steigt sie bis zu 155 kg/cm? nach dem Entliiften bei 2000°C, durch erneut 
Aussetzen an Luft wird sie wieder erniedrigt. Dagegen hat die Temperatur als solche, wenigstens 
bis 1800°C, wenig Einfluss auf die Festigkeit von Graphit. 

Die Bedeutung einer geregelten Atmosphare fiir die Bestimmung sowohl der mechanischen als 
der Reibungseigenschaften von Graphit wird durch diese Ergebnisse hervorgehoben. 


INTRODUCTION 


There is at present considerable interest in refractory materials for use in various 
high-temperature applications. Graphite has appeared to be of particular interest 
since, unlike all other materials, the tensile strength is reported! to increase with 
temperature over a wide range. A further valuable property of graphite which has 
been reported? is that, in contrast, the coefficient of friction decreases markedly as 
the temperature is increased to 1,000°C or above. 


* Now Lecturer in Industrial Metallurgy, University of Birmingham. 
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Graphite is, of course, a complex material available in several qualities and it is 
of interest to measure the related quantities strength and friction, under comparable 
conditions using one selected graphite for both sets of specimens. This permits a direct 
comparison of the behaviour, which cannot be made on the basis of published data. 

The experiments described in this paper show that the decrease in friction of clean 
graphite at high temperatures is found under both light and heavy loads. The re- 
ported increase in strength, is however, primarily due to cleaning the graphite by 
outgassing. If graphite, in the clean state used for friction measurements, is tested 
either in shear or tension, the strength is almost independent of temperature at least 
up to 1,800°C. Both the friction and the strength can be restored to their customary 
low values if air is admitted to the clean material. 


EXPERIMENTAL 


The apparatus was designed to allow measurements of friction and strength to be 
made under conditions as nearly identical as possible. It is known that atmosphere 
plays a significant part in determining the friction of graphite? and‘it is therefore 
necessary to make the measurements in high vacuum. Two mutually perpendicular 
forces must be applied for the friction experiment, and the strength measurement 
should also take into account the possible influence of compression. To fracture 


YY 


Cr gf 


Ey 


Ee 


Fig. 1a. A drawing of the main parts of the high-temperature apparatus. The heater is a simple 

carbon tube held at the ends by the conical connectors C; and Cz and is surrounded by radiation 

screens R. The power (12 V, 2,000 A) is fed into the end plates FE; and E» from the massive brass 

blocks clamped to bus-bars by the handwheels W. A 4 in. vapour pump 1s attached below the 

baffle chamber and the vacuum tank is completed by a removable cover containing the spring 

mechanisms for applying torque and compression. Temperatures up to 2,100°C at 0.1 wu pressure 
are available. 
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specimens of reasonable size, it is necessary to apply much greater forces (up to about 
100 lb.) than are normally used for high-vacuum friction experiments. 

Fig. 1 shows diagrammatically the high-temperature furnace and measuring appa- 
ratus. Further details are given in ref. 3. 

Furnace. A straight graphite tube 1} in. inside diameter and 9 in. long with ¢ in. 
walls is heated directly by 50 c/sec current from the secondary ofa 12 V, 2,000 A 
transformer. The current is fed in at the ends from heavy brass plates, connec- 
tion being made with compressed carbon granules to allow for expansion. The 
tube is surrounded with five molybdenum radiation screens and the outer jacket 
is water-cooled. 

Temperatures are measured through a small central sighting window, using a dis- 
appearing-filament pyrometer. The temperature is reasonably uniform, within 100°C 
over the central 3 in. of the hot zone. A temperature of 1,600°C is reached with about 
4% kW input and 2,200°C with about 11 kW input. The upper temperature limit is 
set by evolution of carbon vapour. 

Vacuum system. The whole equipment is designed as a single vacuum unit. A 4 in. 
silicone oil vapour pump is bolted direct to the baffle chamber below the furnace. 
There is a direct flow path for gases down the inside of the heater tube, which is un- 
obstructed except by the specimens, and the upper end of the tube connects directly 
with the large cover on top containing the mechanical measuring equipment. The 
outer region of the furnace proper contains the radiation screens and is connected 
to the baffle chamber by a series of holes, in the lower end-plate. The vacuum is 


Fig. 1b. A schematic diagram of the apparatus with specimens assembled for a friction experiment. 

The graphite cap A is rotated upon the flat end of the graphite tube B. A normal load is applied 

by the bow springs Si and the torque is applied by two flat springs Ss. For strength measurement 
a torsion specimen is inserted between A and B, or a tensile specimen is attached to C. 
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measured by a cold-cathode ionisation gauge bolted to the baffle chamber. A pressure 
well below ro~> mm of mercury can be maintained when the specimens and tube are 
cold. An empty furnace with a well-outgassed heater will maintain a pressure of about 
1o~4mm of mercury at 2,100°C. The pressure with specimens in position is usually 
somewhat higher than this owing to outgassing and migration of contamination along 
the specimens. 

Friction measurements. In Fig. tb the specimens are shown arranged for a friction 
experiment. The rubbing surfaces are the flat end of the graphite tube B and its 
graphite cap A. The latter is shaped roughly as shown and has sections carved away 
to leave three feet pressing against the tube face. It is connected by a graphite rod C 
to insulating bushes carried on a brass plate. This in turn is attached to four double 
cantilever springs S; and two transverse flat springs Ss. 

Strain gauges are attached to these springs to measure the tension in the rod C, 
applied by tightening the nut E, and the torque applied by rotating D. When the 
furnace is at 2,200°C the spring temperatures are less than 1oo°C and their charac- 
teristics are changed by only about 1%. 

Various normal loads from 10 g to roo lb. can be applied using different sets of 
springs, and torques up to 30 lb.-in. have been used. The springs and strain-gauge 
amplifier are calibrated directly by weights. 

To make a friction measurement the nut E is tightened to apply a pre-determined 
load and the wheel D is then rotated slowly at constant speed by a small motor. 

Strength measurement. The same mechanical spring system is used, with the same 
maximum loads, for strength measurements. 

To measure tensile strength the cap A is locked and a small cylindrical tensile 
specimen is formed in the rod C. 

To measure shear strength under compression, a hollow cylindrical specimen with 
square end-cheeks is held in suitably recessed graphite members so that it takes the 
place of the friction specimens. Compression and torque are then applied in exactly 
the same way as before. 


RESULTS 

The friction of graphite 

The specimens were cut from Acheson AGR graphite. The friction measured after 
the system had been evacuated to better than 10-5 mm of mercury was wu = 0.16, 
but when the specimens had been outgassed by heating in the vacuum to 1,600°C, 
this was increased to “ = 0.37. Further outgassing had little influence. Fig. 2 shows 
the friction of the outgassed specimens as a function of temperature. This curve was 
found to be reversible; by cooling the specimens the high friction could be restored. 
If, however, the air was admitted at room temperature the friction fell irreversibly 
to its original value. 

Fig. 3 gives, for comparison, the results obtained on another apparatus using better 
vacuum (ca. 10-7? mm of mercury) and spectrographically standardised graphite 
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specimens. This shows closely similar results, although in this silica apparatus the 


loads are restricted to about Io g. 


The strength of graphite 

A preliminary experiment in air showed a helical tensile fracture on a cylinder 
subjected to torsion, as would be expected for a brittle material. A simple compression 
test gave a shear failure, on planes at 45° to the axis, under a nominal stress of g = 
2,400 |b./in.?. 
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Fig. 2. The influence of temperature on the friction of commercial graphite (AGR) which has 
previously been heated in vacuo to 1,600°C for several hours to remove contaminant gas, and then 
in a vacuum of 10-5 — 10-4 mm of mercury. @ 34 lb. load; O 50 lb. load. 
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Fig. 3. The influence of temperature on the friction of spectroscopically standardised graphite 
which has been outgassed. All measurements were made in a vacuum of 10-?7— 10-6 mm of 
mercury. (Load ro g) 


The dimensions of the specimens used for the high temperature combined-stress 
measurements were determined by the strength of the central rod, which is subjected 
to simultaneous tension and torque. Although the walls were only 0.010 in. thick, 
careful machining by Mr. D. J. BALDWIN allowed reproducible results to be obtained, 
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The first specimens were tested in torsion to produce a simple tensile fracture. To 
maintain register between the specimens and the holders a compressive load of r lb. 
was superimposed, but this did not affect the fracture. Table I shows the results 


obtained as the specimens were taken to successively higher temperatures in high 
vacuum. 


TABLE I 


TENSILE STRESS AT FRACTURE OF GRAPHITE SUBJECTED TO TORSION (1 lb. COMPRESSION) 


Specimen temperature (°C) 


20 600 810 Irro r285 1400 r600 1800 
Graphite Type A Torque (lb.-in.) — GP 8.8 — — 9.5 I1.0 
Tensile stress (Ib./in.?) 1150 Taney 1520 1760 
Graphite Type B Torque (Ib.-in.) 6.0 _- 5.6 _ 6.6 7.6 8.8 — 
Tensile stress (lb./in.2) 960 goo 1060 1220 1410 


These results show a fairly steady rise in strength of the graphite as the temperature 
is increased, in general agreement with the earlier tensile strength measurements of 
MALMSTROM, KEEN AND GREEN}. 

The friction experiments involve shear under a heavy local compression. For direct 
comparison this factor should be included in the strength measurements. The next 
tests were therefore made with a compression of 50 lb. giving a direct compressive 
stress of 2,500 lb./in.?, in the axial direction before applying the torque. The results 
are given in Table II (for Type A graphite) . 

The stresses are calculated on the basis of the elementary equation for a two- 
dimensional stress system 


(pb — pz) (Pb — Pv) = @? 


whose roots give the principal stresses #; and #2 in terms of the mutually perpendicular 
stresses fz and py and the shear stress g. The maximum shear stress gm is given by 
half the difference between #1 and pz. The shear stress g is obtained by neglecting the 
end constraints and using the conventional formula for an elastically deformed thin- 
walled cylinder. These assumptions are not strictly valid; some plastic flow occurs and 
the cylinder is short, but they give a basis for comparison. 

The results of Tables II and III are summarised in Fig. 4. A small group of ex- 
periments at about 1,200°C show consistently high values which cannot be explained, 
but there is otherwise a fairly steady increase in the strength as the temperature is 
increased, as found earlier. If, however, the specimens are first outgassed, it is found 
that temperature has subsequently little influence, and it appears that the outgassing 
is the major factor (Table IIIA). Similar results were obtained in simple tension 
(Table IIIB). 
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TABLE II 


STRESSES AT FRACTURE OF GRAPHITE SUBJECTED TO SIMULTANEOUS COMPRESSION (2,500 lb./in.*) 
AND TORSION 


Specimen temperature (°C) 


20 600 700 820 r020 120 «r2I0 £220 1300 I440 1620 I81r0 2010 
Torque 
(Ib.-in.) Sow “754 8168 WSO. sk 2270 2c O emer 0:3) 10.35 “lies nat 
Shear stress 
(qm) 1570 1720 1870 1570 1880 1990 2390 2380 2350 1950 2075 2230 2450 
Minor 


principal 310 460 610 310 620 730 1130 1120 1090 690 815 970 1190 
stress (p2) 


TABLE. Tit 
THE INFLUENCE OF OUTGASSING ON THE STRENGTH OF GRAPHITE 


(A) Combined compression and torsion (Type A graphite) 


: Shear stress 
Breaking torque 
z : at fracture (qm) 
(Ib.-in.) (Rg-cm) (Ib.Jin.2) (kg/cm) 


Specimen condition 


Cold, as received 5.9 6.8 1,570 IIl 
Tested at 1,600°C in vacuo 10.3 11.8 2,075 146 
Cold in vacuo after outgassing 

at 1,600°C 10.2 LER 2,060 145 
Tested at 1,800°C in vacuo 11.5 13.2 2,230 157 
Cold in vacuo after outgassing 

at 2,000°C 1 Ee / 13.5 2,255 158 


(B) Simple tension (Type C graphite) 


Breaking Tensile 
Specimen condition load stress 
(1b.) (kg) (1b./in.2) (kg/cm?) 
Cold in vacuo 63 29 1,260 89 
Cold in vacuo after outgassing 
at 2,000°C 90 41 1,800 127 
Outgassed at 2,000°C 
tested at 1,850°C in vacuo 113 51 2,260 159 
Outgassed at 2,000°C 
tested at 20°C in air 57 26 1,140 80 


The specimens used for the experiments in Table IIIB were longer because of the 
modified test arrangement. This made it necessary to use another stock of graphite, 
and also the specimens were more difficult to outgas and to keep free from recontam- 
ination. This probably accounts for the greater difference between the outgassed 
strength at room temperature and at high temperature. 

Further experiments showed that quite low vapour pressures, of the order of 1074 
to 10-8 mm of mercury, could recontaminate the specimens. This aspect has not yet 


been studied in detail but accords generally with the influence of residual gases on the 
friction. 
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400 800 1200 1600 2000 


Specimen temperature — deg, C 


Fig. 4. The torque required to fracture the graphite specimens at elevated temperatures in vacuo. 

These specimens, indicated by full circles, were not outgassed before the experiments, but the 

open circles joined by the broken line show that if a specimen is heated in vacuo and tested at 

1,800°C the recorded strength is sensibly the same as if the specimen is heated in vacuo to 1,800°C 
and cooled, then tested at room temperature in vacuo. 


DISCUSSION 


In an investigation of the wear of carbon brushgear it was found by SAvacE4 that 
the lubricating ability of graphite was dependent upon the presence of vapours. A more 
detailed study at various temperatures in high vacuum? showed that the friction of 
graphite which had been outgassed by heating in vacuum was about “ = 0.5-0.6 at 
room temperature. The friction could be restored to its normal low value (u = 0.15- 
0.20) by admitting oxygen or water vapour. It can also be reduced?.5 by heating the 
outgassed specimens to temperatures in the region of 1,000°C. 

Although there is usually a correlation between strength properties and friction®, 
it has been reported! that the tensile strength of graphite increases steadily as the 
temperature is increased from 20°C to 2,400°C or more. 

The object of the experiments reported in this paper was to examine the friction 
and strength using the same graphite and the same experimental conditions, taking 
into account the atmosphere, the high local compression experienced by the friction 
specimens and the possible difference introduced by the change from tensile to shear 
fracture. 

The results suggest that, under heavy loads as well as the very light loads previously 
used, the friction of graphite is increased considerably by outgassing, but then falls 
as the specimen temperature is raised. The experiments with spectroscopically 
standardised graphite show that impurities or contamination by the residual atmos- 
phere in the furnace are not responsible for this behaviour. 

The strength measurements were made with the same graphite under the same 
conditions and should thus be equally valid. Though very few specimens were avail- 
able, they show that the strength of outgassed graphite is sensibly independent of 
temperature at least up to 1,800°C, although the strength of graphite which has not 
been outgassed previously increases by over 30% between 20°C and 1,600°C. This is 
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not a special feature of the combined stress system, since the simple tensile test shows 
the same behaviour. 

The increased strength at high temperatures reported by MALMSTROM, KEEN AND 
GREEN! is thus confirmed, but the present experiments suggest that it is the removal 
of adsorbed gases rather than the temperature which causes the change. If outgassed 
specimens are reheated in vacuo the strength is sensibly unchanged, whereas if the 
air is admitted to the outgassed specimens the strength falls to its original low value. 

The increase in both strength and friction as a result of removing adsorbed gases 
can be explained by an increase in cohesion between the graphite lamellae? or crystal- 
lites’. 

Ina recent elegant series of experiments DIEFENDORF® has also shown a dependence 
of strength on atmosphere. He used large specimens of highly-orientated pyrolytic 
graphite in a three-point bend test. When the layer planes were parallel to the neutral 
axis the strength was high in vacuum but much lower in air. If the specimens were 
rotated go° with the layer planes still along the bar, the strength was high under both 
conditions, while transverse layer planes always gave low strength. 

It has been shown‘ that the orientation of the surface during sliding is greatly 
facilitated by the presence of adsorbed gases. For example in the sliding track left 
by graphite rubbed on silver in air, the graphite crystallites are found to be orientated 
so that their cleavage planes are parallel to the surface while a similar track made 
in vacuo shows no preferred orientation’. A similar orientation during sliding may 
occur at high temperatures even in the absence of adsorbed gas, and so reduce the 
friction. Since this is essentially a surface feature it would not influence the short-time 
strength. 

These results emphasize the importance of controlling the atmosphere for measure- 
ments of the mechanical as well as the frictional properties of graphite. 
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SOME MEASUREMENTS OF RAIL-TYRE ADHESION 


He, 1h, SHEAOHI RGR 
Messrs. Ferodo Ltd., Stockport (Great Britain) 


SUMMARY 


The adhesion between the wheels of a motorised bogie and the rails on which it runs has been 
measured under a variety of conditions. The effect on adhesion of oil, water and other contami- 
nants have been examined and a number of materials including abrasives, detergents, and sili- 
cones, have been tested in attempts to increase the adhesion. 


INTRODUCTION 


Slip between the wheels of a locomotive and the rails limits its hauling capacity and 
its rate of deceleration during braking. The ratio of the tangential force to the normal 
load at the contact area between wheel and rail just before slip occurs is called the 
“coefficient of adhesion’ between rail and tyre, and is generally expressed as a 
percentage. The ratio itself is in effect the coefficient of friction us. 

A study was made to find out what factors influence adhesion and whether any 
new way of controlling and increasing it could be devised, and some of the results 
obtained are described below. 


EXPERIMENTAL 


Measurements were made on a motorised bogie running on a 100 yard length of rail 
in a laboratory at Willesden Junction. This laboratory was devised by Dr. ANDREWS 
of the Chief Electrical Engineer’s Department, British Transport Commission, and 
has been described in detail and illustrated elsewhere!. The two axles are independently 
motored and can be run singly, in concert or in opposition. To make an adhesion 
measurement current supplied through a third rail was gradually increased from zero 
until the wheels started to slip, the motors being switched so that each pair of wheels 
rotated in opposite directions. From a knowledge of the current at slip and the current- 
torque characteristics of the motors the adhesion could be calculated. Because of the 
limited length of the track only static measurements were made. 

When slip occurs the motors draw less current and the needle of the ammeter in 
the track circuit flicks back, but as small movement of the axles in the horn guides 
also caused the needle to flick, slips were determined by watching the wheels rather 
than the meter. 
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To some extent the criterion for slip depended upon the observer. If the adhesion 
was high, there was no doubt when slip occurred, for the wheels spun violently, but 
when the adhesion was low the wheels would sometimes slip for a few inches, then 
grip the rails again, when a slightly higher current would be necessary for the wheels 
to slip again. Occasionally, however, particularly with oily rails the wheels “crept” 
round very slowly making it difficult to decide when slip occurred; this creep was 
not necessarily serious for if creep occurred say at 11% adhesion definite slip might 
occur at 12°. To determine how the criterion for slip varied with the observers three 
different observers each called a number of slips on the one length of rail. Averages 
were 21.3, 21.2 and 20.7% with standard deviations 3.3, 2.1 and 2.8%. 

To enable the effect of various treatments to be compared, the rails and wheels had 
to be brought to a standard ‘“‘clean, dry’’ condition. The value of the adhesion of the 
clean surface is called the ‘‘control level’’ below. Considerable difficulty, however, 
was experienced in obtaining and maintaining a high control level. The rails could 
be fairly easily cleaned by removing as much contaminant as possible with rags soaked 
in solvents and then abrading their surfaces with a portable surface grinder and finally 
wiping them down with filter paper soaked in carbon tetrachloride. The wheels were 
rather inaccessible to the grinder if the brake rigging was not removed and were only 
ground as a last resort if the adhesion could not be increased by other means. 

Very carefully cleaned surfaces had adhesions of about 35°% but the wheels and 
rails were generally considered sufficiently clean if the adhesion was 25° or more. 
By keeping a length of rail free from all contaminants it was shown that the low 
control levels were generally due to residual contamination on the wheels. 

Even when the adhesion was 35% the surfaces were presumably covered with some 
form of contaminant since prolonged cleaning with solvents ofa short length of rail 
could increase its static coefficient of friction to as high as 0.5 when steel balls mounted 
in a jig were slid against it. 


GENERAL OBSERVATIONS 


If the adhesion was low, slipping of the wheels on the rails increased the adhesion. 
This could be demonstrated by making a number of slips on the one set of contact 
areas on the rails. In a typical series of measurements, the adhesion increased from 
20 to 30% in four slips each slip rotating the wheels about 6 in. By making measure- 
ments on a control length of rail exhibiting a high adhesion before and after making 
slips on rails with a lower adhesion, it was shown that the rails were cleaned more 
rapidly than the wheels during slipping, as might be expected. 

Shallow scars were formed on the rails when slip occurred. These scars were larger 
and deeper the greater the adhesion, partly because if the current was high the wheels 
spun violently once slip occurred, whereas if the current was very low the motor could 
be switched off before the wheels had slipped more than a few inches. The scars on 
contaminated rails were generally small and faint. If the adhesion was sufficiently 
high because of the presence of abrasives, the contact areas could reach sufficiently 
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high temperatures to become discoloured through oxidation. The damage to the 
wheels was much less evident than that to the rails where all the damage was confined 
to the one area. The wheel tread collected wear dust both from its own surfaces and 
from the rail head, and it is possible that this dust and its interaction with water, oil, 
etc. may affect adhesion. 

It was thought that the adhesion of very smooth surfaces might be more sensitive 
to traces of contamination than rougher surfaces. It was found impracticable, how- 
ever, to make the rail and wheel surfaces as smooth as they would become in service. 
Some isolated experiments suggested that oil had less effect on very rough rail surfaces 
than on the rail surfaces in their usual conditions (Talysurf roughness of about 10-20 
in. but with occasional much deeper scratches and pits). Laboratory experiments 
also indicate that the w of highly polished surfaces was more influenced by oil than 
that of rougher surfaces. 


BEHAVIOUR OF CONTAMINANTS LIKELY TO BE ENCOUNTERED IN PRACTICE 
Oil 

Four types of oil which could contaminate rail and wheel surfaces in practice were 
examined, wiz. engine oil, oxidised (used) engine oil, point oil and spindle oil. The 
materials were applied liberally to the rails, and excess wiped off with a rag, and the 
adhesion of the oily rails measured. For an average control level of about 22° the 
oxidised engine oil reduced the adhesion to 11.2% (average of about one hundred 
individual measurements). The other oils appeared to cause about the same reduction. 
The adhesion under oily conditions was affected slightly by the previous control level, 
for example increasing the control level from 20 to 30% increased the adhesion by 
about 2%. 

Oily contamination was surprisingly easily spread. The adhesion was measured on 
a clean length of rail. The bogie was then rolled once over a length of rail contamin- 
ated with a very thin film of oil and then back onto the clean rail and the adhesion 
again measured. Typical values of the adhesion were 34% before and 21% after the 
trolley had rolled over the oily rail. 

It was often found difficult to remove the last traces of oily contamination after 
making a test involving the use of oil. Very thin films of oil could be very tenaciously 
held and exert an influence on the adhesion commensurate with that of much thicker 
oil films. Such boundary lubricant films may have different composition and structure 
than their parent films. 

It has been suggested that oily contamination from parts of the rail other than the 
head can be spread over the latter by the agency of water. Thick layers of oil were 
placed about a foot ahead of each wheel of the trolley and excess water poured over 
the oil and the length of rail between oil and wheels. The adhesion was that charac- 
teristic of the water alone. Oil poured on to wet rails, however, was spread by the 


water. 
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Water 

General railway experience has shown that wheels are more likely to slip in wet 
rather than dry weather and that slip is more likely during a light rain than after 
a heavy downpour. To determine whether this behaviour could be duplicated using 
the trolley, the adhesion was measured with the rails dry, after they had been sprayed 
with water, and after excess water had been pouted on them. After spraying, the rails 
were covered with innumerable small droplets of water, whereas more or less contin- 
uous films of water were left on the rails when excess water was poured onto them. 
About three hundred individual measurements were taken over a period of months, 
tests being made over a wide range of control adhesions. The results are plotted in 
Fig. 1. Analysis of the results shows that sprayed rails had a significantly lower ad- 
hesion than wetted rails. 


40% 


&o, Wet rails 


30 
Sprayed rails 


Adhesion 


20 


20 30 40 %o 
Control adhesion 


Fig. 1. Adhesion of sprayed rails and wet rails plotted against control adhesion. 


The adhesion was independent of the humidity over the range of humidities existing 
during testing (35 to 65% relative humidity), the control level not altering overnight 
despite changes in humidity. Experiments were made in which the size of the sprayed 
droplets, the magnitude of their contact angle with the rail surfaces, and the magni- 
tude of the surface tension was varied, the latter by adding alcohol to the water, but 
the results were inconclusive. 

It is unlikely that water reduced the adhesion by reacting with the metal surfaces 
to form oxidation products or some form of chemisorbed layer, for wet rusting rails 
have a higher adhesion than wet clean rails. Furthermore, spraying rails treated with 
silicone oils (which prevents the water from coming into contact and reacting with 


the metal) reduces the adhesion drastically; the droplets so formed are extremely 
small and numerous. 
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Rust 


Dry rust on the rails tended to increase the adhesion. Wetting the rusty rails with 
water either in the form of a spray or in excess did not have much effect on the ad- 
hesion. For example, rails which had an adhesion of 26.3% when dry and clean had 
an adhesion of 28.4% when dry and rusty and 28° when rusty and wet or when 
sprayed with water. 

Measurements were also made on the rails whilst they were rusting and still wet 
in case some of the intermediate oxidation products should have different properties 
to the final products. The adhesion values, however, appeared to lie between the 
values of the wet clean rail and the dry rusty rail. 


Clay 


Soil, clay, etc. may be blown onto rails. Dry clay gave a surprisingly high adhesion, 
about 35°% compared with 25% for the clean dry rails and when wet an adhesion of 
about 21%. The clay was also wetted with solutions of various salts, e.g. zinc chloride, 
magnesium sulphate, to determine whether it behaved as a lubricant when adsorption 
occurred on the surfaces of the clay particles. However, none of the materials tried 
reduced the adhesion to more than a few per cent below that of the clay wetted by 
water alone. 


Wear particles 

It seems probable that small quantities of metal wear particles can be present on 
both rail head and wheel tread as some relative sliding giving rise to wear takes place 
between wheel and rail, for example, when the wheel negotiates a curve. Cast iron 
brake blocks also give rise to wear products. 

To obtain an idea of how wear particles behave, particles of several metals were 
examined. There seemed to be some correlation between adhesion and the hardness, 
so a wide range of particles was examined. All were in the size range (60-120 I.M.M.) 
Most of the particles compacted during test and some appeared to sinter to form foils 
for recrystallisation occurred. Some of the metals were found to adhere very strongly 
to the wheel and rail surfaces after test. 

In all, thirteen metals were examined together with a number of copper-based alloys 


Adhesion 


2 


(e) 100 200 300 kg/mm 
Vickers hardness number 


Fig. 2. Adhesion of metal particles plotted against their Vickers Hardness Number. Dashed line 
represents adhesion of mineral particles. 
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and some steels. The adhesion of the copper particles was measured over a range of 
control levels, and found proportional to the latter. Assuming the same relationship 
applies to the other metals the adhesion values of all the metals corrected toa standard 
control level of 30% are shown plotted against the Vickers Hardness Number of the 
work-hardened metal in Fig. 2. 

Results obtained with most of the metals lay near a smooth curve; aluminium, 
tin and zinc have too high and chromium and manganese too low an adhesion to fall 
on the curve. The alloy results also do not lie on it. It was thought that the high 
adhesion of the aluminium, tin and zinc, might have been due to the anomalously hard 
oxide films on the surface of the particles, in which case smaller particles should give 
higher adhesions than larger particles. Measurements with aluminium and zinc, how- 
ever, showed that larger particles had higher adhesions. 

As metallic wear particles eventually oxidise, and indeed some of the wear products 
may be oxide particles in the first place, the effect of Fe2O3 (rouge) and FesO« 
(magnetite) particles on adhesion was measured. The adhesion was increased and 
appeared to depend upon the Mohs’ hardness (5.5—6.5) of the particles (see section 
on Abrasives below). 


AGENTS TO INCREASE ADHESION 


If the agent is to be carried on the locomotive to be applied when necessary, it must 
have an immediate effect, which in general precludes the use of chemical reagents. 
But if the rails are treated in places where contamination is likely or where the train 
accelerates or brakes, chemical reagents may be of use. 


Abrasives 


Since “‘sanding”’ is often resorted to in practice to increase the adhesion, a brief 
study of the effect of abrasives on adhesion was made. Previous work? had shown that 
when mineral particles are slid between parallel plates, the static coefficient of friction 
is proportional to the Mohs’ hardness H of the mineral. 

Particles of a number of different minerals ranging in hardness from 2.5 to 7 were 
therefore tested on the rails when the latter were in different states of cleanliness, 
when they were wet, and when they were oily. 

It was found that when the adhesion obtained with a given mineral was plotted 
against the control value wo for a range of control values the experimental points 
fell about a straight line 4 = ai + duo, where a1 was in general about 10%, i.e. the 
minimum value obtained with well lubricated surfaces but without abrasive present 
(Fig. 3). The value of 6 was determined for each mineral in turn and found to be 
proportional to the Mohs’ hardness of the mineral concerned (Fig. 4). The weight 
of the trolley tended to crush the particles. Presumably the particles increase the 
adhesion by penetrating the contaminant film, so that the softer the particles the 
more likely they are to be crushed instead of penetrating the film, and the thicker 
the film the less their effect. However, very coarse hard particles, e.g. of silica and 
anorthite appeared to give values of m1 greater than 0.10. 
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The Vickers Hardness Number and the Mohs’ hardness of minerals appear to be 
related empirically by equations such as log # = 0.205 H + 1.48 (e.g. Fig. 5 of TABorR3). 
Consequently, the adhesion values obtained with the minerals were compared with the 
metal particles results by plotting both sets of results on the one graph using the 
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Fig. 3. Adhesion of mineral particles plot- Fig. 4. Slopes of lines of Fig. 3 plotted 
ted against control adhesion. against Mohs’ hardness of corresponding 
mineral. 


above equation to obtain a common abscissa (Fig. 2); the harder abrasives behaved 
somewhat like the metals but the softer particles gave values of adhesion which were 


much too low. 
* Concentrated reagent 
wee 10 */e solution 


+Concentrated reagent 
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Fig. 5. Adhesion of rails after treatment with acids and bases. 
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The effect of particle size on adhesion was examined using emery and silica parti- 
cles. Over the size range 1-10-10~8 in. diameter, any size effect was of the order of 
the experimental error, but fine silica flour (r-ro~? in. to dust) definitely had a lower 
adhesion than coarse silica (I4-10-? in.) (34.5 for the fine compared with 39.6% for 
the coarse, the control level being 28%). 


Detergents 

A number of commercial detergents of the nonionic, cationic, and anionic types 
were tested, but it was found that they were all boundary lubricants, reducing the 
adhesion of clean rails to that characteristic of oily rails, e.g. concentrated ‘““Teepol’’ 
reduced the adhesion from 30 to 13% and when water was poured on the rails the 
adhesion fell further to 10%. Dilute solutions of the detergents appeared to reduce 
the adhesion of clean rails by amounts depending upon their concentration and had 
little effect on the adhesion of oily rails. 

Similarly, attempts made to increase the adhesion of sprayed rails by first treating 
them with surface active agents (so that the water droplets would spread and coalesce) 
were unsuccessful for all the agents tried reduced the adhesion of their own accord. 


Behaviour of various liquids 

It was thought that contaminant films on the rails might be displaced by suitable 
liquids which by themselves were not boundary lubricants, or interact with suitable 
liquids in such a way as to increase the adhesion. For example, according to HARDY# 
if a surface is covered with a contaminant film, a second contaminant will raise or 
lower the , depending on whether it is soluble or insoluble in the first film. 

A range of organic liquids was examined to determine whether each liquid behaved 
in the manner expected, e.g. non-polar liquids like carbon tetrachloride should have 
little effect on mw, whereas polar liquids should reduce the « of metal surfaces. It was 
found that carbon tetrachloride, n-heptane, benzene, acetone, ethyl acetate and nitro- 
benzene all caused about the same reduction in adhesion and the reduction was about 
the same as that caused by water. Presumably these liquids are adsorbed on the 
surfaces by the common mechanism of hydrogen bonding and so all have about the 
same effectiveness in reducing adhesion. Butanol and highly polar nitropropane both 
caused large reductions in adhesion. Of the various liquids only nitrobenzene caused 
a large increase in adhesion when applied to oily rails (from 12 to 21°); the others 
possibly caused small increases. 

The rails were also treated with excess water to which about 10% by volume of 
strong and weak acids and bases had been added, viz. hydrochloric and acetic acids, 
sodium and ammonium hydrochlorides. Measurements were also made with the con- 


centrated reagents. The results are shown in Fig. 5. The acids eventually discoloured 
the rails. 


Silicones 


Silicone fluids were examined because it was thought that, by rendering the rail 
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surfaces water-reppelent, they might reduce the effect of water on the rails, and yet 
not reduce the adhesion of their own accord as they are said not to be boundary 
lubricants. Tests confirmed that the silicones did not have boundary lubricant prop- 
erties. However, it was found that when rails treated with the silicones were sprayed 
with water, innumerable tiny droplets remained on the rails and these droplets 
brought about a large decrease in adhesion. 

This reduction might have been due to interaction of the droplets with the wheels, 
for if silicone oil was supplied to both rail and wheels before the rails were sprayed 
the adhesion was much reduced by spraying the surfaces. 

Not only do the silicones have no lubricating properties, they also exhibit very low 
surface tensions and consequently it was thought that they might displace hydro- 
carbon oils from a contaminated surface and so increase its adhesion. Application of 
siliconcs to the oily rails did increase their adhesion but the increase was initially only 
well marked for the less contaminated surfaces (Fig. 6). If, however, the silicone was 


30% 


20 


Adhesion after application of silicone 


10 20 30 40 
Initiol adhesion 
Fig. 6. Adhesion after application of silicone fluid plotted against initial adhesion. 


left on the oily surface for some time before tests were made the adhesion gradually 
increased with time, the final value depending upon the condition of the wheels. Thus 
on one occasion the adhesion of highly contaminated surface was 15%; wiping the 
rails with silicone increased the adhesion to 20% after some minutes, whereas wiping 
the wheels as well increased the adhesion to 26%. A rail previously treated with sili- 
cone tended to give a high adhesion when covered with oil than when a clean rail 
was contaminated with oil. The scatter in Fig. 6 is probably due to the wheels being 
in different conditions, traces of silicone oils on the rails initially, and to the time 
effect; the last effect may be important as silicones ranging in viscosity from 0.65 
to 500 cS were used and there was some evidence that the less viscous silicones in- 
creased adhesion more rapidly than the more viscous ones. 

In the above experiments straight dimethyl-polysiloxanes were used; dimethyl- 
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diphenyl-polysiloxanes in which the methyl and phenyl groups were present in various 
proportions were also examined, and found to behave in much the same way. 

Some laboratory experiments were made with the silicones. It was confirmed that 
all the dimethyl materials had about the same surface tension of about 22 dynes/cm 
except for the 0.65 cS material (about 17 dynes/cm). It was found that though 
hydrocarbon oils completely inhibit the sticking together of freshly cleaned mica 
surfaces, sticking can occur after freshly cleaned sheets are smeared with the silicones 
and even to some extent if the mica has been lightly wiped with oil before the silicone 
is applied. The silicones can cause visible displacement of hydrocarbon oils from the 
rail surfaces, the oil film sometimes contracting into small droplets. 

It appears to be a reasonable conclusion that the silicones increase the adhesion 
of an oily rail because of their immiscibility with oil, their very low surface tension 
(which two properties enable them to displace the oil), and because they are not 
boundary lubricants. 

They have the great disadvantage that when rails treated with silicones are sprayed 
with water, very fine droplets remain on the surfaces and these droplets cause a drastic 
reduction in adhesion. 
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A THEORY OF FRICTION INVOLVING A MICROTOPOGRAPHICAL 
DEFORMATION INDEX 


J. D. HUFFINGTON 


The British Jute Trade Research Association, Dundee (Great Britain) 


In this note the multiple junction theory of friction introduced in a previous note! 
is examined further with special reference to the suggested new deformation index 7. 

It has been shown! that for crossed cylinders or a sphere against a flat the frictional 
force may be written: 


F = AW1+(-1)(1-m)? (z) 


where 


F=aw™ (2) 


for a single asperity. A, 7, m and « are constants and the total number of asperity 
contacts is given by 
N =CA gp" (3) 


where C is a constant, A;is the indentation area between the surfaces and # is the 
average pressure over A;. Since F is proportional to the real contact area, eqn. (I) 
shows that 7 represents a second deformation index, additional to m, determining 
the real contact area. It has been shown that 7 has a maximum value of r and a 
minimum negative value of m/m-1. It is important to realise that when 7 is negative 
the multiple asperity picture no longer applies and hence N cannot be given its usual 
physical meaning. For elastic deformation (m = 0.67) 7 may have any value between 
I and —2. 

The value of 7 depends on how the asperity contact distribution is changing with 
the average pressure over A;. Generally over a wide range of loads 7 can be regarded 
as a constant, as has been shown by an analysis of the results of PASCOE AND TABOR? 
for various polymers. However, for rubber?.3 and under certain conditions for plastics 
and metals!4 7 may decrease with increasing pressure. It is of interest to see how the 
observed 7 variation is related to the real area of contact A; as the pressure increases 
for different kinds of surface. For a maximum 7 value of unity it would generally 
be expected that A,/A; would be small and for 7 a minimum 4,/A; is unity. Between 
these two opposite limits values of 7 and A,/A; can be obtained from the relation 
between coefficient of friction ~ and pressure # or load W. 

DENNY’s results for rubber? were obtained with a fixed apparent contact area 
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(4;=A,) so that the following equations! may be used in obtaining 7 and A,/Aa: 
pe = faCi—mpt-1y(-m) (4) 
= tarsal (5) 


where / is a constant which is nearly unity and s is the shear strength of the junctions 
per unit real contact area. 


ESerTAND) A,/Aa = mp|s (6) 
A, fxCi—m 
From (4) F = ar pit(-iy—m) (7) 


The slope of the log u — log p curve gives 7 from eqn. (4), and this with the corre- 
sponding intercept gives A,/Aa from eqn. (7). The experimental results enable s to 
be obtained since at large ~, 7 = —2 and A,/Aa = 1. In this way curve 1, Fig. 1 
was obtained from DENNyY’s results for lubricated rubber. No great deviations from 
curve I occur for the other kinds of rubber or for the unlubricated rubber considered 
by DrEnwny and this curve may be regarded as more or less typical. It is assumed 
that s remains constant over the range of pressures involved. 

ARCHARD’s results4 refer to crossed cylinders of Perspex or brass and may be 
treated similarly using now eqn. (I) to obtain 7 from the log u4— log W results. 
To obtain A,/A; eqns. (1) and (5) give in this case 


A 2 
A, = — W1+(-1)(1-m) (8) 
Ss 


Since, following PASCOE AND TABOR? 
A; = KWmD2(1-m) (0) 


where D is the diameter of the crossed cylinders 


y 2 
ae — W(-1)(1-m) +1-m 
A; sk D20.-m) (r0) 


The value of K can be obtained from indentation experiments in the case of Perspex 
(e.g. see PASCOE AND TABOR?) and the corresponding figure for brass was deduced 
from the relative values of Youngs’ Modulus E for brass and Perspex, since for elastic 
deformation 

Kok °*" 


If K is known, s can be obtained as before, since at large p 4 has a minimum value 
of m/m—rand A,/A; = r.Curves 2,3 and 4 of Fig. 1 show the results obtained for abraded 
Perspex, turned Perspex and run-in brass cylinders (ARCHARD4, Figs. 3(a), 3(b) and 9). 

The curves of Fig. 1 contain information about the microtopography of the surfaces 
involved. In the region of complete contact (7a minimum) the value of A,/A; always falls 
slowly as a function of 7. The significance of this is made more clear in Fig. 2, where 
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A,/A; is plotted against » for the different surfaces. These curves show that A,r/A; 
only drops by an average of about 10% whilst increases from its minimum value 
of 0.67 (rubber and brass) or 0.74 (Perspex) to 0.8. This means that conditions of 
virtually complete contact exist over a considerable range of ~ values above the 
minimum. This should simplify the determination from experimental data of the 


ha Fig. 1. 7 against A,/A; or A;/Aq. Curve 1, lubricated 
. rubber against Perspex. Curve 2, abraded Perspex 
crossed cylinders. Curve 3, turned Perspex crossed 
ost cylinders. Curve 4 run-in brass crossed cylinders. 
0.2 
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Fig. 2. A,/A; against n. Curves 1-4 as in Fig. 1. 


-2.85> 


important frictional parameter s, the shear strength per unit real area of contact. 

There are striking differences between the curves of Fig. 1. The surfaces used by 
ARCHARD show that 7 can remain in the region of unity even when A,/A; is quite large, 
whereas the rubber surfaces do not show this effect. For 7 = r it is implied that 
contact occurs over asperities such that when the average pressure is increased the 
number of asperities per unit indentation area increases proportionately, without 
any increase in the average area of contact between each asperity. The average 
pressure over the real contact area tends to remain constant in this case. It is clear 
that this can only continue to occur up to large values of A,/A; if the curvature of 
the asperities is small and if they project on the average only a small distance from 
the surface. Other evidence suggests that this was the case with the surfaces used by 
ARCHARD4. 

With rubber the behaviour appears to correspond to the opposite extreme, with 
the deformation of individual asperities dominant and thus the average pressure over 
the real area of contact increasing and 7 being correspondingly less. This can only 
occur for a more uneven distribution of asperities in a direction normal to the surface 
than before and a greater average protuberance relative to the asperity radius of 


curvature. 
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The maintenance of an 7 value of unity up to A,/A; nearly unity is especially 
marked for turned Perspex. ARCHARD explains the 7 value of unity up to relatively 
high loads (as compared with the abraded Perspex) as due to a greater difficulty in 
flattening the asperities in the turned case, this being regarded as the rougher surface. 
This picture may be misleading, however, since Fig. 3 (giving the variation of 7 and 
A,/A; with average pressure over the indentation area) shows that A,/A; increases 
more rapidly with pressure and is greater for the turned surface, although 7 is also 
greater. This is because 7 is essentially a deformation index and depends on changes 
in surface conditions with load rather than on the actual conditions, for example 
the value of A,/A; or the amount of flattening, at a given load. 


Fig. 3. A,/A; and 7 against p. Full curves, turned Perspex crossed cylinders. Dashed curves, 
abraded Perspex crossed cylinders. 


The relation between 7 and A,/A; appears to give useful information about the 
surface microtopography. Thus comparison of curves 3 and 1 of Fig. r suggests we 
must be dealing with gently hilly country in the case of turned Perspex, whilst with 
rubber we are in a mountainous region. This conclusion depends only on an analysis 
of the frictional data. 

Surfaces can be classified into different kinds according to their 7 — A,/A; curves 
for different pressures. These curves distinguish the properties of different surfaces 
independent of the materials of which they are constructed and of the average size 
of the asperities. Generally the larger 7 the “‘smoother’’ the surface, a smooth surface 
being defined as one with a low average protuberance of asperities relative to their 
radius of curvature. The protuberance is measured as the perpendicular distance of 


the tip of the asperity from the surface corresponding to complete flattening of all 
asperities. 
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The Friction of Solids at Very High Speeds. I. Metal on Metal; Il. Metal on Diamond 


I’. P. BowpEN AnD E. H. Freirac (Research Laboratory for the Physics and Chem- 
istry of Solids, Department of Physics, University of Cambridge)— Proc. Roy. Soc. 
(London), A, 248 (1958) 350-367; 27 figs., 16 refs. 

The friction of metal surfaces and of metals sliding on diamond at very high 
speeds has been studied. A ball spinning 7m vacuo at surface speeds up to 800 m/s 
(ca. 1800 miles/h) is trapped between symmetrically arranged flat plates so that the 
friction causes it to slow down. The deceleration is measured electronically and 
recorded. 

The results show that the sliding resistance of metals decreases as the speed in- 
creases and reaches very low values. There is evidence that frictional heating pro- 
duces high surface temperatures and a softening and melting of the metal at the 
regions of contact. 

An analysis of the heat flow in a specimen shows that the area of intimate contact 
is very small compared with the apparent interface. Since the temperature falls very 
rapidly with increasing distance from the shearing zone the metal behaves like a 
combination of a thin film of low shear strength supported by a hard substrate. This 
can explain the low friction at high sliding speeds. It is also suggested that the real 
area of contact depends on the velocity with which plastic strains are propagated 
in the metal. The shearing occurs so rapidly that full plastic yielding under the normal 
load is not possible. Some metals disintegrate in a brittle fashion when a critical 
speed is exceeded. 

When metals slide on diamond even the hard octahedral face is abraded and 
polished if appropriately high sliding speeds are used. Metals with a high melting 
point are most effective in this polishing process and it is concluded that the wear of 
diamond is due to an allotropic transformation into graphite or amorphous carbon 
under the influence of localized frictional heating. 
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Junction Growth in Metallic Friction: the Role of Combined Stresses and Surface 
Contamination 
D. Tapor (Research Laboratory for the Physics and Chemistry of Solids, Depart- 
ment of Physics, Cambridge University) - Proc. Roy. Soc. (London), A, 251 (1959) 378- 
393; 9 figs., 21 refs. 

This paper extends earlier work on the adhesion mechanism of friction and considers 
in particular the growth in area of contact as the tangential force is increased to the 
point at which gross sliding occurs. The earlier studies assumed that the area of true 
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contact A is the same as that produced under static loading so that A = W/o where 
W is the normal load and fo the plastic yield pressure of the metal. If the junctions 
have a specific shear strength s, the friction F, that is the force to shear them, will 
be F = As and the coefficient of friction becomes mu = s/o. 

Recent studies, however, show that as the tangential stress is applied the area of 
true contact increases according to a relation of the type £2 + «s? = fo? where # is 
the normal and s the tangential stress in the contact region and « an appropriate 
constant. With thoroughly outgassed metals, junction growth generally proceeds 
until practically the whole of the geometric area is in contact and coefficients of 
friction of the order of 50 or more are observed. If the interface is contaminated, 
the stresses transmitted through it cannot exceed the critical shear stress of the inter- 
face. The new point developed in this paper based on the work of COURTNEY-PRATTAND 
EISNER (1957), is that until the shear stress reaches this value junction growth occurs 
as for clean metals. Beyond this point, however, further junction growth is impossible 
and gross sliding occurs within the interfacial layer itself. The analysis given here 
shows that if the interface is only 5°%4 weaker than the bulk metal, junction growth 
ceases and gross sliding occurs when the coefficient of friction is of the order of unity. 
This corresponds to the experimental observation that minute amounts of oxygen 
or air reduce the friction of thoroughly clean metals from extremely high values to 
values of about 1. In the presence of a lubricant film the transmissible stresses are so 
small that little junction growth can occur before sliding takes place. The expression 
for the coefficient of friction now reduces to a form resembling that given by the 
earlier simpler theory, namely uw = si/fo, where s; is the critical shear stress of the 
lubricant layer. The present treatment thus incorporates the effect of combined 
stresses and surface contamination into a more general theory of metallic friction. 
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An Investigation of Dry Adhesive Wear 


R. P. Ste1yn (E. I. du Pont de Nemours & Co., Wilmington, Del.) — J. Basic Eng. 
(Trans. ASME, Ser. D.), 8r (1959) 56-06; 14 figs., 3 tables, 9 refs., discussion. 

Sliding-motion experiments under unlubricated conditions have been carried out 
on various metals, and the results are discussed in terms of the simple wear theory 
advanced by ARCHARD. 

Oxide-film formation has been studied by electrical contact-resistance measure- 
ments made in conjunction with wear tests. The effects on the wear rate and basic 
wear formula are discussed. For the ring apparatus, a modified expression for the 
wear formula is suggested to incorporate surface oxidation. 

Although it was found that the sliding of a soft material on a hard material follows 
simple wear rules, discrepancies are reported for the wear of brass against brass. 


In these experiments, the wear rate is affected by the geometry of the apparent area 
of contact. 
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Sliding Wear and Metal Transfer under Unlubricated Conditions 


R. P. Steryn (E. I. du Pont de Nemours & Co., Wilmington, Del.)—/]. Basic Eng. 
(Trans. ASME, Ser. D), 8r (1959) 67-78; 20 figs., 6 refs., discussion. 

To provide further information on dry sliding wear and the accompanying metal 
transfer, wear experiments of radioactive brass rings against hardened steel have been 
conducted in a ring tester. The effect on metal transfer of sliding speed, surface finish, 
material of the harder surface, and the presence of slots in the steel ring have been 
investigated. Tests have also been conducted in argon atmospheres to exclude oxi- 
dation. 

Wear of brass on brass has been investigated by using radioactive rings against 
inactive rings. Results indicate a complex wear mechanism in which transfer, back 
transfer, and removal of transferred material are intermediate steps, and in which 
the determining step in wear rate is governed by the geometry of the rings rather 
than the apparent area of contact. 
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The Use of Bench Wear Tests in Materials Development 


G. H. Ropinson, R. F. THoMson AND F. J. WEBBERE, SAE Trans., 67 (1959) 569- 
579; (20 fig., ro ref.). 

Two types of bench wear tests employed by the General Motors Research Labora- 
tories are described, and examples are given to illustrate the application of the tests 
to material development problems. 

It is shown that correlation of a bench test with service may be achieved even when 
the laboratory test conditions do not appear to duplicate service conditions exactly. 
It is postulated that this behaviour is related to the formation of certain types of 
surface films during the wearing process. Some preliminary results are given of a study 
of the influence of lubricant type and material composition on the formation of anti- 
wear films. 
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The Abrasion of Diamond 


M. SEAL (Research Laboratory for the Physics and Chemistry of Solids, Department 
of Physics, University of Cambridge)—Pvoc. Roy. Soc. (London), A, 248 (1958) 379- 
393; 19 figs., 45 refs. 

In most abrasion processes an abrasive which is harder than the material to be 
worked is employed. With diamond this has not been possible and the material itself 
is normally used. This process is unusual in that there is a very large directional 
variation in the resistance to abrasion of diamonds abraded with diamond powder. 
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The wear rates for different crystallographic directions vary by a factor of 500 or more. 
An attempt has been made to determine whether the abrasion of diamond by dia- 
mond is primarily mechanical or thermal, 7.e. whether it occurs by fragmentation 
of the diamond on a microscopic scale, or by burning or an allotropic change caused 
by the local high temperatures produced by friction. 

The experimental work described is in two sections: track formation on diamond, 
and the friction of diamond. The work on track formation, carried out at low sliding 
speeds with a rounded diamond slider and a plane diamond surface, was done in 
an attempt to reproduce on a macroscopic scale the damage occurring on a micro- 
scopic scale during abrasion. It was found that, according to the conditions of sliding, 
tracks of three main types can be produced, and that on an individual diamond 
face there is no variation of the ease of track formation with sliding direction. This 
last result contrasts with the large directional variation in the ease of abrasion, 
and indicates that high sliding speeds introduce some effect which causes the an- 
isotropy in abrasion resistance. A thermally activated chemical effect is thought to 
be the most likely cause of this difference in behaviour at high and low sliding 
speeds, and the following explanation of the anisotropy in high-speed wear rate is 
suggested. The work on friction shows that there is a variation with sliding direction 
of the coefficient of friction between diamond and diamond. Directions in which 
the friction can be high are directions of easy abrasion. The local surface tempera- 
tures during abrasion will depend on the coefficient of friction and will be greater 
when the friction is high. These directions would thus be expected on a thermal 
theory to be those of easy abrasion. Furthermore, a small anisotropy in friction 
would account for a large anisotropy in abrasion resistance. 
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Selected from the literature and from Battelle Technical Review 1960 


1. DEFORMATION AND FRACTURE 


The Tensile Strength of Some Refractory 
Metals at High Temperatures. 

B.-L. Mordike. J. Inst. Metals, 88 (1960) 
272-275; 8 figs., 13 refs. 

The tensile strengths of the refractory 
metals niobium, tantalum, tungsten, and 
molybdenum have been measured in the 
range 0o-2300°C. Up to 800°C a standard 
Hounsfield tensometer was used, but from 
800 to 2200°C the measurements were made 
in a carbon-tube vacuum furnace. The 
behaviour of these metals was comparable in 
every respect, at equivalent homologous 
temperatures, with that of the lower-melting 
point metals. The upper temperature limit 
was imposed by a reaction between carbon 
vapour from the furnace tube and the spe- 
cimen. Above 2000°C a carbide was formed 
on the surface and diffused into the specimen, 
thereby affecting the mechanical properties 
appreciably. (See also Wear, 3 (1960) 374). 


The Tensile Properties of Iridium at High 
Temperatures. 

B. L. Mordike and C. A. Brookes. Platinum 
Metals Review, 4 (1960); 8 pp., 8 figs., 1 table, 
6 refs. 

In this paper the authors describe their 
determination of the tensile strength and 
ductility of iridium at temperatures up to 
2000°C. The tensile strength of iridium at 
high temperatures in the presence of carbon 
vapour, compares favourably with those of 
tungsten, molybdenum, tantalum and _nio- 
bium, all of which are attacked to a much 
greater degree by the carbon. 


Fracture Testing of High-strength Sheet 
Materials: A Report of a Special ASTM 
Committee. 

Bull. Am. Soc. Testing Materials, (Jan. 1960) 
29-51. 

The report deals with methods of testing to 
measure a material characteristic called 
“fracture toughness,’’ the stress analysis 
underlying the test method, and the appli- 
cation of the test result to design and to fail- 
ure analysis. The effect of temperature on 
fracture toughness for a number of typical 


materials is discussed. Three possible screen- 
ing test methods are described that have 
been used in evaluating materials and 
methods of heat treatment, the limitations of 
each method, and the justification for con- 
sidering each method. 


Qualitative Aspects of Fatigue of Materials. 
H. N. Cummings. Curtiss-Wright Corp. for 
Wright Air Development Center, U.S.Air 
Force, Sept., 1959, 263 pp. (Order PB 161145 
from OTS, U.S. Dept. of Commerce, Wash- 
ington 25, D.C., $ 4.00.) 

Metal fatigue is measured by the researchers 
in terms of cycles of loading and unloading. 
The variables affecting the fatigue life and 
strength of structural metals are discussed 
qualitatively, and theories on the mechanism 
of fatigue are reviewed. 


Investigation of Fatigue Properties at Room 
Temperature of High-strength Steels having 
High Tempering Temperatures. 

H. N. Cummings e¢ al. Curtiss-Wright Corp. 
for Wright Air Development Center, U.S. 
Air Force, Sept., 1959, 105 pp. (Order PB 
161144 from OTS, U.S. Dept. of Commerce, 
Washington 25, D.C., $ 2.50.) 

The fatigue properties of high-strength steels 
having high tempering temperatures are 
investigated at room temperature. The 
report makes a statistical investigation of the 
fatigue characteristics, primarily of missiles 
and other flight vehicles. Emphasis is 
placed on testing materials of higher strength- 
to-weight ratios designed for high operating 
temperatures. Materials tested included: 
steels for general structural use; steel used 
for springs; steel for space vehicle surfaces; 
and steel used for bearings. 


Tension, Compression, and Fatigue Proper- 
ties of Several Steels for Aircraft Bearing 
Applications. 

G. Sachs, R. Sell and W. F. Brown, Jr. 
Proc. Am. Soc. Testing Materials, 59 (1960) 
635-054- ; . 
The static tensile and compressive properties, 
and the rotating-beam fatigue strength for 
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several heats of SAE 52100 and three vacuum- 
melted tool steels were established at room 
and elevated temperatures and over a range 
of hardnesses. 


Effect of Hardness, Surface Finish, and 
Grain Size on Rolling-Contact Fatigue Life 
of M-50 Bearing Steel. 


R. A. Baughman. J. Basic Eng. (Tvans. 
ASME, Ser. D), 82 (1960) 287-294. 
Considerable testing on the RC Rig and 
statistical-treatment methods are included. 
A mathematical expression relating these 
variables to life expectancy is presented and 
the optimization of these variables is discus- 
sed. 


2. ADHESION AND FRICTION 


Some Recent Experiments on the Friction, 
Wear and Deformation of Solids. 

F. P. Bowden. S.A.E. Tvans., 67 (1959) 650- 
658; 14 figs., 1 table, 9 refs. 

Experiments have been conducted at Cam- 
bridge University which probed the sliding 
friction and wear of nonmetals, and the 
deformation of solids at high rates of strain. 
The author was particularly interested 
in the deformation and damage of metals and 
nonmetals under high-speed liquid impact. 
The findings will contribute to the develop- 
ment of materials that can withstand the 
friction of high-speed space flight. The 
author discusses the sliding friction and wear 
of wood, diamond, glass, rubber, and metallic 
carbides. In the last part of the paper, he 
describes the high-speed problems arising 
when solids are deformed very rapidly. 


Reviving the Classical Theory of Friction by 
a Modern Dislocation Theory of Deformation 
Revision. 

John H. Dismant. J. Appl. Phys., 31 (1960) 
221; 4 refs. Letter to the Editor. 
Hypothesis about the influence of dislocations 
on work hardening of thin films under con- 
ditions of sliding friction. Author assumes 
essentially elastic forces to be operative in 
friction. (See also Thesis, Utah 1955) 


Research Program on High Vacuum Friction. 
S. Hansen, W. Jones and A. Stephenson, 
Litton Industries of Calif., Space Research 
Laboratories Final Rept. 2907, (1959) 148 pp. 
A twelve-month program directed towards 
the study of surface friction under conditions 
of high vacuum (10-5 to ro-6 mm Hg) has 
been carried out. The principal test condition 
studied was that of the linear motion be- 
tween two dry, clean, unlubricated, flat 
surfaces. 

This work indicated the existence of two 
modes of contact, one of pure sliding and a 
second of areas undergoing shear. The low- 
friction, low-wear examples appear to be 
special cases wherein almost all contact areas 
are of the first type. A theory of friction has 
been postulated, based principally on the 
analysis of these tests. 


Friction Characteristics of Sliding Surfaces 
Undergoing Subsurface Plastic Flow. 
Milton C. Shaw, Abraham Ber and Pierre A. 


Mamin. J. Basic Eng. (Trans. ASME, Ser. D). 
82 (1960) 342-346. 

It is well known that the load of an ordinary 
friction slider is supported by a large number 
of surface asperities having a collective area 
that is small compared with the apparent 
area of contact. In many metalworking opera- 
tions, such as wire drawing, extruding, rolling, 
and metal cutting, the bulk metal undergoes 
plastic deformations as sliding occurs. The 
influence of this subsurface flow upon the 
coefficient of sliding friction is discussed. 


Tyre-Road Friction: A New Approach. 

D. Tabor. The New Scientist, 5 (1959) 1334- 
1336; 4 figs. 

A high friction coefficient between tyre and 
road reduces the tendency to skid on wet 
surfaces. Tread patterns on tyres and mod- 
ification of road surfaces are two approaches: 
experiments show that a third may be to 
“puild-in’” a high friction into the tread 
material. 


Tire-to-surface Friction-coefficient Measure- 
ments with a C-123 B Airplane on Various 
Runway Surfaces. 

Richard H. Sawyer and Joseph J. Kolnick. 
NASA Technical Report R-20, 1959, 32 pp., 
GPO price, $ 0.40. 

An investigation was conducted to obtain 
information on the tire-to-surface friction 
coefficients available in aircraft braking 
during the landing run. The tests were made 
with a C-123B airplane on both wet and dry 
concrete and bituminous pavements and on 
snow-covered and ice surfaces at speeds 
from 12 to 115 knots. Measurements were 
made of the maximum (incipient skidding) 
friction coefficient, the full-skidding (locked 
wheel) friction coefficient, and the wheel slip 
ratio during braking. 


Features of Slip Friction during the Move- 
ment of a Body over an Anisotropic Surface. 
(in Russian) 

A. U. Galeev and Yu. I. Pershits., Trudi 
Moskov. Inst. Inzh. Zh.-d. Tvansp., 92/11 
(1957) 169-180. Ref. Zhur. Mekh., no. 11 
(1958) Rev. 12156. 

For Abstract see Appl. Mechanics Revs., 13 
(4) (1960) 308. 
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On Effective Coefficient of Friction for 
Vibrations. (in Russian) 

I. Il. Blekhman and G. Yu. Dzhanelidze. 
Izvest. Akad. Nauk S.S.S.R., Otd. Tekh. 
Nauk, 7 (1958) 98-101. 

For Abstract see Appl. Mechanics Revs., 
T3 (4) (1960) 308. 


A More Accurate Definition of the Theory 
of Friction of Flexible Bodies. (in Russian) 
B. L. Davydov and S. Y. Chzhou. Vestnik 
Mashinostroeniya, no. 2 (1958) 16-19. Ref. 


Zhur. Mekh., no. 11 (1958) Rev. 12157. 
For Abstract see Appl. Mechanics Revs., 13 (4) 
(1960) 308. 


The Rolling of Cylindrical Bodies, Taking 
into Account the Friction Forces of Cohesion. 
(in Russian) 

Z. Z. Rudyakov. Trudy Dnepropetrovsk. 
In-ta Inzh. Zh.-d. Tvansp., 26 (1958) 322-335. 
Ref. Zhur. Mekh., no. 11 (1958) Rev. 13003. 
For Abstract see Appl. Mechanics Revs., 13 
(4) (1960) 308. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


The Mechanism of Boundary Lubrication 
and Properties of the Boundary Lubrication 
Layer. (in Russian) 

B. V. Deryaguin, V. V. Karasev, N. N. 
Kakhavaeva and V. P. Lazarev. Zhur. Tekh. 
Fiz., Akad. Nauk S.S.S.R., 27 (5) (1957) 
1076-1086. Ref. Zhur. Mekh., no. 5 (1958) 
Rev. 5435. 

For Abstract see Appl. Mechanics Revs. 13 (1) 
(1960) 79. See also Wear, r (1957/58) 277-290. 


Flow Parameters in Hydrostatic Lubrication 
for Several Bearing Shapes. 

S. Raynor and A. Charnes. J. Basic Eng. 
(Trans. ASME, Ser. D), 82 (1960) 257-264. 
Several pad shapes and associated oil inlets 
were investigated using conformal mapping 
techniques to obtain the total load-carrying 
capacity, flow rate of oil, oil-film thickness, 
pressure and velocity distribution. 


On the Mechanism of Gear Lubrication. 
V.N. Borsoff. J. Basic Eng. (Trans. ASME, 
Ser. D), 8£ (1959) 79-93. 

Scoring and wear of gears are evaluated as 
functions of various operating variables, 
gear geometry and construction factors, and 
lubricant properties. 

Experiments performed with tagged extreme 
pressure lubricants showing distribution and 
thickness of the extreme pressure films and 
the rates of their attrition. 

A mechanism of gear lubrication is postulated 
and discussed. 


Marine Lubrication. 

G. H. Clark. Simmons-Boardman Publ. 
Corp., New York, 635 pp. 

Lubrication of main propulsion machinery 
and auxiliary machinery are discussed in 
detail. 


3.2. Lubricants 


Viscosity Characteristics of Lubricating Oils 
at High Speeds of Slip. (in Russian) 

R. E. W. George. 4th Intern. Mezhdunaroohiyi 
Neft. Kongress, Moscow, 1957, Gostoptekhiz- 


dat, p. 146-152. Ref. Zhur. Mekh., no. 1 
(1958) Rev. 928. 

For Abstract see Appl. Mechanics Rev., 13 (1) 
(1960) 78. 


An Appraisal of Synthetic Lubricants in 
Aircraft Gas Turbines. 

J. P. Perry, Can. Aeronaut. J., 6 (1960) 
156-163. 

Aircraft gas turbine engines have created 
lubrication demands which are unique com- 
pared with those of the piston engine. The 
inability of conventionally refined petroleum 
oils to satisfy both low and high temperature 
requirements resulted in the development of 
ester base synthetic oils. Reviews the 
historical development of those lubricants in 
the light of changing engine requirements. 


A Study of the Influence of Lubricant 
Properties on the Performance of Aircraft 
Gas Turbine Engine Rolling-contact Bear- 
ings. 

L. B. Sibley, J. C. Bell e¢ al. WADC Technical 
Report 58-565, October, 1958, 75 pp. 

The development of improved lubricants for 
aircraft gas turbine engine bearings depends, 
to a large extent, on how well the influence 
of lubricant properties on bearing perfor- 
mance can be predicted. A literature and field 
survey and some special experiments and 
analyses on this problem have been conduct- 
ed. A possible approach for further research 
in this field is suggested. 


Development of Die Lubricants for Forging 
and Extruding Ferrous and Non-Ferrous 
Materials. 

H. L. Shaw, F. W. Boulger and C. H. Lorig. 
PB 140 915, October 1955, 246 pp. 

Tests were made on 2014 aluminum alloy, 
AZ80A magnesium alloy, unalloyed titanium, 
and Type 403 stainless steel. Procedures 
were developed for improving metal flow in 
forging operations, particularly in working 
Al and Mg. Commercial experiments in 
which an improved method of lubrication was 
tried, suggested that improvements in die 
design might be necessary to take full 
advantage of improved lubricants. 
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Action of Graphite as a Lubricant. 

W. Bollmann and J. Spreadborough. Nature, 
186 (1960) 29-30. 

Electron-microscopic studies indicate that a 
hitherto unconsidered mechanism might be 
important in explaining the lubricating 
properties of graphite. Instead of the sliding 
action of graphite layers, micrographs 
showed a rolling up of sheets of graphite in 
regions thin enough to be observed by 
transmission. 


Molybdenum Disulphide in Nylon for Wear 
Resistance. 

Thomas E. Powers. Modern Plastics, 37 
(1960) 148 + 3 pp. 

Injection molded parts have better wear and 
abrasion resistance, lower coefficients of 
friction, and better dimensional stability 
than parts made of conventional nylon. 
Molders report faster molding cycles, less 
shrinkage and distortion, easier ejection, and 
reduced mold lubrication, all of which tend to 
cut molding costs. 


4. BEARINGS AND SEALS 


4.1. Bearings 

A Bibliography on Gas Lubricated Bearings- 
Revised. 

E. B. Sciulli. The Franklin Institute, Sept. 
1959, 107 pp. price $2.50. PB 161017. 
Address orders to OTS, U.S. Department of 
Commerce, Washington 25, D.C. 

The 290 references cited were published 
prior to July 1959. Wherever possible, a 
resume in English of each reference is includ- 
ed. In most cases abstracts were taken ver- 
batim from the author. Five indexes are 
provided. 


Hydrostatic Gas Bearings. 

John H. Laub. J. Basic Eng. (Trans. ASME, 
Ser. D), 82 (1960) 276-286. 

Based on Euler’s equation, expressions for 
the significant parameters, 7.e., pressure 
profile, gas-flow rate, gap height, and load- 
carrying capacity of pad and step bearings, 
are developed. These parameters yield results 
which are in excellent agreement with 
experimental data. 


Torque Produced by Misalignment of Hydro- 
dynamic Gas-lubricated Journal Bearings. 

J. S. Ausman. J. Basic Eng. (Trans. ASME, 
Serv. D), 82 (1960) 335-341. 

A perturbation analysis is used to find the 
torque generated by a misaligned journal 
bearing. Results are presented graphically in 
terms of non-dimensional parameters. 


A Study of the Stability of Externally Pres- 
surized Gas Bearings. 

Lazar Licht and Harold Elrod. J. Appl. 
Mechanics, 27 (1960) 250-258. 

The pertinent equations of motion are 
linearized and the stability criteria stated in 
terms of small deviations from the equilib- 
rium operating point. The flow in the bear- 
ing clearance is treated on a distributed 
rather than on a lumped-parameter basis. 


A Sommerfeld Solution for Finite Bearings 
with Circumferential Grooves. 

J. V. Fedor. J. Basic Eng. (Trans. ASME, 
Ser. D), 82 (1960) 321-326. 

A method of solution is developed that 
circumvents the algebraic complexity in the 


solution of Reynolds differential equation 
applied to full journal bearings. The method 
leads to equations for journal-bearing charac- 
teristics that are in finite form. 


The Importance of Spinning Friction in 
Thrust-Carrying Ball Bearings. 

G. S. Reichenbach. J. Basic Eng. (Trans. 
ASME, Ser. D), 82 (1960) 295-301. 

Balls were rolled on flat plates and in V- 
grooves at loads and contact angles corre- 
sponding to usual thrust-bearing practice. 
It is shown that the spinning action of the 
ball with respect to the race should account 
for the major part of the over-all friction of 
a thrust-carrying ball bearing. 


A General Theory for Elastically Constrained 
Ball and Radial Roller Bearings under 
Arbitrary Load and Speed Conditions. 

A. B. Jones. J. Basic Eng. (Trans. ASME, 
Ser. D), 82 (1960) 309-320. 

A completely general solution is obtained 
whereby the elastic compliances of a system 
of any number of ball and radial roller bearings 
under any system of loads can be determined. 
Elastic yielding of the shaft and supporting 
structure are considered as well as centrifugal 
and gyroscopic loading of the rolling elements 
under high-speed operation. 


Bearing Oil-ring Performance. 

D. C, Lemmon and E. R. Booser, J. Basic 
Eng. (Trans. ASME, Ser. D), 82 (1960) 
327-334- 

A series of tests was made with rings ranging 
from 2} to 164 in. ID and at journal speeds 
up to 4000 f.p.m. Correlation of the results 
provides means for calculating ring speed for 
any journal speed. From this calculated ring 
speed, oil delivery can then be estimated 
from equations incorporating the effect of oil 
viscosity and related operating factors. 


4.2. Seals 

A General Method for Correlating Labyrinth- 
Seal Leak-Rate Data. 

F. E. Heffner. J. Basic Eng. (Trans. ASME, 
Ser. D), 82 (1960) 265-275. 

Suitable accuracy, particularly for straight 
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labyrinth seals, can only be obtained from 
actual seal tests. A method for correlating 
test data is presented which allows calcula- 


tion of the leak rates for an entire family of 
labyrinth seals on the basis of tests of only 
two characteristic seals. 


5. WEAR AND WEAR RESISTANCE 


A Correlation between Rain Erosion of 
eres Specimens in Flight and on Ground 
ig. 

T. J. Methven and B. Fairhead. Aevonaut. 
Research Council, Gt. Brit., CP 496, 1960, 
II pp. and illus. 

The amount of surface erosion on Perspex 
has been measured for specimens flown on an 
aircraft in rain and tested on a whirling-arm 
ground rig in artificial rain. Specimens were 
compared at 400 knots and similar rain 
concentrations. Results show that 1 in./h 
rain in flight gives similar erosion to 1.5 in./h 
on the ground rig; this may be due to the 
greater range of droplet sizes found in flight. 


A Photographic Study of the Impact between 
Water Drops and a Surface Moving at High 
Speed. 

D. C. Jenkins and J. D. Booker. Aevonaut. 
Research Council, Gt. Brit., CP 5o0r, 1960, 
II pp. and illus. 

The normal impact between 2-mm-diameter 
water drops and a smooth, hard, surface 
moving at 1000 ft./sec has beens tudied 
photographically and the results discussed. 
The speed of the radial flow resulting from 
the impact has been measured and an estimate 
made of the corresponding pressure existing 
between the drop and the surface. The case 
of impact of drops on rough, deformable, 
and inclined surfaces has also been briefly 
considered. 


Use of Less Reactive Materials and More 
Stable Gases to Reduce Corrosive Wear 
when Lubricating with Halogenated Gases. 
Donald H. Buckley and Robert L. Johnson. 
NASA Technical Note D-302, August 1960, 
18 pp., OTS price $ 0.50. 

The gases CF2CI-CF2Cl, CF Cle, and CF.2Br- 
CF2;Br were used to lubricate metals, cermets, 
and ceramics at temperatures to 1400°F. 
The use of cermets and ceramics decreased 
corrosive wear at high temperatures with 
these gases as lubricants. In friction and 
wear experiments, a hemispherically tipped 
rider under a 1200-g load slid on a disk 
rotating at speeds from 75 to 8000 ft./min. 
The gas CF2Cl-CF2Cl was found to be an 


effective lubricant for AlsOs3 sliding on Stellite 
Star J at temperatures to 1400°F. The gas 
CF,Br-CF,Br provided effective lubrication 
for the cermet K175B_ (nickel-bounded 
metal carbide) sliding on Hastelloy R-235 
(nickel-base alloy) at temperatures to 1200°F. 


Wear and Friction of Impregnated Carbon 
Seal Materials in Liquid Nitrogen and 
Hydrogen. 

D. W. Wisander and R. L. Johnson. (NASA). 
Cryogenic Eng. Conf., Boulder, Colo., 1960, 
12 pp. and illus. 

Studies were conducted at sliding velocities 
to 12,000 ft./min. These mechanical carbons 
have potential use in dynamic seals for these 
fluids. Data are presented for: a basic carbon 
grade, commercial impregnated carbons, 
various experimental impregnants of a 
basic mechanical carbon, and commercial 
plastic matrix bodies. 


Austenitic Manganese Steels. 

T. E. Norman, D. V. Doane and A. Solomon. 
Trans. Am. Foundrymen’s Assoc. 68 (1960), 
and Modern Castings, 33 (1960) 73. 

The results of studies leading to the im- 
provement of wear resistance and mechani- 
cal properties of cast austenitic manganese 
steels is presented. Modifications in composi- 
tion and heat treatment were studied. The 
development of improved abrasion resistance 
in cast 12 per cent manganese austenitic 
steel while retaining the high ductility 
characteristic of this type of steel, and the 
development of lean alloy austenitic steels 
which combine moderate ductility with 
markedly improved abrasion resistance are 
outlined. 


New Methods for the Determination of 
Roller Wear. (in Polish). 

Inz. J. Spyra. Wiadomosci Hutnicze, 16 
(1960) 110-116. 

A study of coefficients of wear for different 
types of rolling mills and the dependence of 
wear on the type and hardness of the roller 
drum, the surface size of the section profile, 
the shape of the roller profile, and on the 
calibrating method. 


6. ANALYSIS AND TESTING 


Ignition of a Combustible Atmosphere by 
Incandescent Carbon Wear Particles. 


Donald H. Buckley, Max A. Swikert, and 


Robert L. Johnson. NASA Technical Note 
D-289, September 1960, 16 pp. OTS price, 
$0.50. 


An investigation was conducted to determine 
whether carbon wear particles abraded from 
rotating carbon elements in contact with a 
metal surface could ignite a combustible gas 
atmosphere. Experiments were run with 
a carbon vane in sliding contact with a rotat- 
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ing 440-C stainless-steel flat disk in a chamber 
filled with a combustible atmosphere of air 
and propane. When an electric potential was 
applied across the vane-disk interface, 
incandescent carbon wear particles were 
obtained from the vane specimen and fires 
were sometimes produced. Ignition of the gas 
mixture occurred only when incandescent 
carbon wear particles were present. 


Microchemistry in Lubricating Oil Analysis. 
F. M. Roberts. Ivon and Steel Engineer, 37 
(1960) 84-87. 

Microanalytical methods for determining the 


viscosity, pour point, specific gravity, and 
ash content are discussed. 


A Service Evaluation of Detergent Lubricat- 
ing Oils Utilizing Electron Microscopy. 

S. R. Rouze and F. A. Forster. Lubrication 
Eng., 16 (1960) 222-227. 

Confirming the results of previous low- 
duty tests, the effective detergency level in 
used, detergent lubricating oils can be de- 
termined by electron microscopy. The 
detergency requirement of an engine in- 
creases with increasing engine mileage. 


7. SURFACE TREATMENT (no abstracts) 


8. MACHINING AND TOOL WEAR 


Finish Turning. 

A. J. Pekelharing. Microtecnic (English 
edition), 74 (1960) 61-69. 

A description is given of a field of research 
newly adopted by the Technological Univer- 
sity, Delft (Netherlands). Some progress is 
reported on the different types of wear, the 
minimum surface roughness obtainable with 
new tools, and on the possibility of a fine- 


Tool Wear when Cutting Thin Sheet Material. 
H. J. Crasemann. Microtechnic (English 
edition), 14 (1960) 25-29. 

Cutting tools are subject to front-face and 
cylindrical-surface wear produced by a 
sliding action of the workpiece material 
under pressure. When cutting thin sheet 
material, front-face wear predominates. For 
determining the possibility of cutting of 


sheet material, wear- and _ burr-formation 
curves are essential. 


machinability index for materials. 
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Friction and Wear in Machines, No. 14 (in Russian)* 
Academy of Sciences U.S.S.R., Moscow, 1960; 334 pp.; 13 Roubles; edited by M. M. KurusHcHov. 


Contents 
Page 
Foreword 53 
M. A. BaBICHEV Investigation of the abrasive wear of metals according to the 
Brinell scheme (21 figs.; 12 tables; 3 ref.) 4 


I. W. KRAGELSKY AND 
N. B. DEMKIN 
W. S. LoMAKIN AND 


Determination of the real contact area (15 figs.; 3 tables; 12 ref.) 37 


The wear resistance of enamel coatings with reference to their 


W. I. SavtsENKO use in machine parts (7 figs.; 14 tables; 2 ref.) 63 
D. N. GarKENOV Wear of machine parts under loaded and reciprocating sliding 
(3 tables) 93 
W. S. KoLesnikova AND Antifriction properties of some brass and bronze types (23 figs.; 
N. N. BJELovsov 13 tables; 12 ref.) 100 


W. F. JouKEvITCH Changes in composition and structure of steel surfaces under 


influence of a compressed and hot gas stream (8 figs.; 7 ref.) 4171 
Resistance of stainless steel against fretting under lubricated 
friction (9 figs.; 13 ref.) 185 


B. Cu. SoMIN AND 
S. C. MATSKEWITCH 


* For Vol. 13 see Wear, 3 (1960) 162. 
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W. I. Smrrnov Friction and wear in a transmission of the toro-spherical type 


(11 figs.; 8 ref.) 


202 
W. W. MENG The fretting of steel tested in a roller rig (10 figs. ; 3 tables; Sire 222 
L. J. Pruzjansxij Determination of internal stresses in bimetallic test pieces 
(2 figs.) 240 
S. G. KaRATYSHKIN Determination of the orbit of a journal centre in a variably 
loaded bearing (15 figs.; 10 ref.) 247 
M. W. Korovtscuinsky Non-stationary movements of a journal in a bearing (8 refs.) 267 
In memoriam E. M. ScHWETzosa (14 refs.) 284 
W. F. Lorentz (14 refs.) 287 
L. W. ELIn (26 refs.) 290 


Bibliography on friction, wear and lubrication for 1956 (supplementary to that published in 
collection no. 13; the total number of titles in coll. no. 13 and 14 is given in parentheses) 294 
I. FRICTION AND WEAR 1956 

(a) Papers in Russian, about 110 titles (240) 

(b) Papers in other languages, about 40 titles (100) 
II. LUBRICATION 1956 

(a) Papers in Russian, about 30 titles (100) 

(b) Papers in other languages, about 130 titles (330) 


Bibliography on friction wear and lubrication 1957 316 
I. LUBRICATION 1957 

(a) Papers in Russian, about 70 titles 

(b) Papers in other languages, about go titles 
Il. FRICTION AND WEAR 1957 


(a) Papers in Russian, about 80 titles 
(b) Papers in other languages, 30 titles 
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GERMANY 

Fachnormenausschuss Materialprifung 

Arbeitsausschuss D 4 b 

(Geschaftsstelle: Dortmund-Aplerbeck, Marsbruckstrasse 186) 

At the roth meeting on July 8, 1960 Dr. H. Want resigned as chairman of the Group; he is 
succeeded by Prof. H. WELLINGER (Stuttgart). pe 

The Standard Specification DIN 50321 ‘“Wear: measures for the amount of wear’’ (in German) 
has reached the final phase. ' ; 

Work on 4 other standard specifications referring to wear testing will be continued. 


Verband Siiddeutsche Mineralolwirtschaft 


A meeting was held at Stuttgart, September 27-29, 1960. , 
Analysis, testing and special application of some lubricants were discussed. 


U.S.A. 
A.S.L.E., 15th Annual Meeting, April 1960 . 
Short versions of papers have been published in the July and August issues of Sci. Lubrica- 
tion, I2 (1960). Wee 
Abstracts will be published in forthcoming issues of Wear, 4 (1961). 


A.S.L.E.-A.S.M.E. Joint Lubrication, October 1960 


Abstracts of the papers have been published in the September issue of Lubrication Eng., 16 
(1960) and will be reprinted in forthcoming issues of Wear, 4 (1961). 
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THE NETHERLANDS 
Bond voor Materialenkennis 
(The Hague, Parkstraat 69 b) 
Sections: Wear, Lubrication and Lubricants 
The 1oth meeting on wear took place at Utrecht on February 19, 1960. 


Discussion on Fretting Corrosion 
K. H. R. Wricut (National Engineering Laboratory, Thorntonhall, Glasgow) om tm 
The first part of the lecture covered work previously published. New results on the significance 
of fretting in the field of fatigue were discussed in the second part of the lecture; to be published 
presumably in 1961. 
A. A. BarTEL (Hannover and Munich) ; ; 
Report on the formation and composition of brown resins due to the interaction of oils with 
the various types of iron oxides. Influence of oxygen, which inhibits fretting, and of heat and 
moisture were discussed. Practical measures to prevent fretting corrosion were finally given. 


Discussion on Damage to Gears 
A. A. BarTtEL (Hannover and Munich) ; : 

A survey on damage due to pitting illustrated by a unique collection of case histories (to be 
published as a book). Influence of oil on pitting, see the abstract on p. 314 of this volume. 
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Investigations into the Wear of Metals (in Russian), by M. M. KuruscHov AnD M. A. BaBICHEV, 
U.S.S.R. Academy of Sciences, 1960. 26 < 18 cm; 351 pp.; 218 figs.; 121 tables; 134 ref.; 20 
Roubles. 


The authors have kindly prepared an English translation of the pages of contents, given below. 
By perusal of this and of the book itself, using a dictionary, one can gain a first impression of 
the significance of this monograph. 

Some of the work in progress at the Institute for the Study of Machines has been reported 
briefly at the 1957 London Conference* and other aspects are discussed in this volume (p. 60). 
More recent results are to be found in the latest Sbornik no. 14 (for contents see p. 487). 

While abrasive wear, the main theme of this book, has been studied in many quarters, this 
seems to be the first exhaustive treatise on abrasion resistance of the principal engineering ma- 
terials. The latter are discussed in terms of hardness, elasticity, plasticity and metallurgical 
structure, concepts familiar to the practical man. Particular attention is given to a detailed de- 
scription of the testing machines employed and to the experimental arrangement. The analytical 
approach is akin to that of the German School coupled, for example, to the names of SIEBEL, 
WELLINGER AND WAHL, but it is taken further and worked out in much greater detail than has 
been done before. 

This book not only acquaints the Russian reading engineer with a difficult and omnipresent 


topic, but also guides him in the application of laboratory tests for the selection of abrasion- 
resistant materials. G.Sa. 


Table of Contents 

Introduction . ee ro ee Ce er ee eee ee ee eT 3 
Chapter I. Reasons for the choice of scheme and conditions in abrasion testing of metals. 5 

I. Abrasive wear yn. eos bette ww ON a, a 
. Analysis of laboratory methods for wear testing by rubbing against an abrasive cloth 9 
- Methods for abrasion testing of metals, based on rubbing against a grinding wheel . . 25 
. Methods for abrasion testing of metals, based on rubbing against a file es. Bey 
. Considerations about the choice of scheme in abrasion tests of metals at the laboratory 34 
- Results of a critical review of the laboratory methods for abrasion testing of metals. 36 
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Proc. Conf. Lubrication and Wear, London, 1957, p. 655, 874. 
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Chapter II, Technique of abrasion tests by the X4-b machine* . 
1. Description of the X4-b machine for abrasion tests . 


2. Testing procedure : 

3. The method of wear value determination 

4. a of wear, as affected by the velocity at the contacting surfaces and by the specifi 
oa : 

5. Check on the effect of repeated sliding (against a ‘corundum cloth) « on ‘the rate of wear 

6. The effect of the abrasive properties of the surface on the wear of metals 

7. Expression of test results and the technique of reduction to equal ideas conditions 

8. The technique of measuring friction force with the X4-b machine. 

g. Practical value of the results obtained and conditions for their application . 


Chapter III. Investigation of the resistance of commercially pure metals and steels to abrasion 
1. Resistance of commercially pure metals to abrasion . 
2. Resistance of steels to abrasion 


Chapter IV. Investigation of the resistance of work-hardened metals and alloys to abrasion 
1. Testing of work-hardened materials . : 
Z. Discussion of results 
3. Investigation of the resistance of high manganese steels to abrasion . 


Chapter V. Investigation of the resistance of metals to abrasion as influenced by the hardness 

of the abrasive . 

1. Test results 

2. Discussion of results ; 

3. Comparisons with the data of other investigations 0 on the influence of the abrasive’ Ss hard- 
ness on the abrasive wear of metals : 

4. Relative resistance to abrasion when the abrasive particles have different abrasive power 

5. Data on the hardness of the materials that can act as metal abrasives. 


Chapter VI. Wear of metals Py: abrasion, as affected by the grain size of the abrasive . 
1. Test data . : 
2. Comparability of results, as ; influenced by the dependence of the wear of metals on the 
grain size of the abrasive ‘ 
3. Comparison of the data obtained with the ‘results of other investigations o on ‘the : same 
factor 


Chapter VII. Resistance to wear by abrasion of structurally heterogeneous metallic materials 
and certain alloys forming solid solutions and an eutectic 
1. Objects pursued in this investigation . 

2. Preliminary remarks on the theory of resistance to abrasion of structurally heterogeneous 
materials ; 

. Resistance to abrasion. of single- _phase porous ‘materials ; 

. Resistance to abrasion of brass—lead specimens with varying relative content of these metals 

. Resistance of super-eutectic aluminium-—silicon alloys to abrasion 

. Resistance of annealed carbon steels to abrasion . : 

. Discussion of the results obtained in testing structurally ‘heterowenéous materials . 

. Resistance of tin—lead alloys to abrasion awed 

. Resistance of copper—nickel alloys to abrasion . ; 

. Abrasion resistance of binary homogeneous copper-base alloys . 
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Leal 


Chapter VIII. Technique of abrasion testing metals in the presence of a liquid medium on the 
rubbing surface. 

. Testing scheme. : 

. Description of the X2- M machine** 4 : 

. The effect of the test conditions on the results : 

. The test conditions specified for the X2-M machine . 

. The application of the technique developed to the estimation ‘of the abrasion resistance of 
some materials. 


ObwWNH 


Chapter IX. Resistance of steels to abrasion in the presence of water on the rubbing surfaces 
t. Abrasion testing of steels against a very smooth hard disc in the presence of certain 


aqueous solutions . 


* Pin and disk type machine. Ed. 
** A new type of abrasion testing not generally known in other laboratories. Ed. 
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2. Abrasion testing of steels in the presence of water. ; LOZ 
3. Abrasion of plow-share steel, as affected by the properties of ‘the aqueous medium . 163 
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—, conduction of current in, 250 

—, cylindrical journal, elastic and damping 
properties of, 158 

—, cylindrical roller, behaviour of rollers in, 
323 

—., finite journal, solution for, 158 

—, gas-lubricated, bibliography on, 484 

—., gas-lubricated, dynamic stability of, 324 

—, hydrostatic, characteristics of, 158 

—, hydrostatic gas —, 484 

—, journal, effect of offset loads on perfor- 
mance of, 249 

—, —, operating conditions of, 324 

—,—, properties of, 415 

—, —, stability of, 329 

— for liquid metals, 156 

—, lubricated ball — in controlled atmos- 
pheres, 407 

—., lubrication of, 322 

—, misalignment of hydrodynamic gas-lubri- 
cated journal —, 484 

—., oscillating plain —, design criteria for, 250 
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Bearings, plain journal, effect of non-New- 
tonian oil, 408 

—, propellor shaft thrust —, 158 

—, railroad car journal plain —, 158 

—, roller, fatigue in, 122 

—, —, tapered, in kiln car design, 323 

—, =, for use to 600°F, 323 

—., sleeve, grooving for, 323 

—., slider, gas film lubrication of, 155 

—, —, lubrication of, 406 

—, sliding, for a COz-cooled nuclear reactor, 
358 

—, Sommerfeld solution for, 484 

—, stability of externally pressurized gas —, 
484 

—, theory for elastically constrained ball and 
radial roller bearings, 484 

—, triple-wedge, position of shaft and fric- 
tion in, 323 

—, turbine, design of, 407 

Borides, friction properties at high tempera- 
tures, 374 

Boron nitride, frictional behaviour of, 274 


Carbides, frictional properties at high tem- 
peratures, 374 

Ceramic radome, metal-reinforced, 76 

Chromium deposits, mechanical properties of, 
78 

Cobalt base, wear of, 250 

Cohesion, friction forces of, 483 

Conference on the nature of solid friction, 
Kansas City 1960, 327 

Contact area of rough surfaces, 170 

Contacts, see Relay contacts 

Contamination of rail and wheel surfaces, 465 

Corrosion, influence on rail wear, 47 

Crack propagation, 73 

Creep behaviour of graphites, 404 

Cutting mechanism of fine-grain abrasive 
stone, 409 

— metal with ceramic tools, 78 

— oil action, theory of, 161 

— tool wear, 324, 325 

— — —, theory of, 161 

— tools, 312 

— —, ceramic workpiece compatibility of, 
251 

Cylinder liners, wear and scuffing in, 235 

— wear, in diesel engines for tractors, 426 


Deformation index, microtopographical, 
theory of friction involving, 473 

— losses, effect on friction, 39 

—, plastic, 320 

— of soft spheres, 256 

— of solids, 482 

—, surface, 314 

—of surface texture, effect on rolling 
resistance, 154 

Detergents, reduction of adhesion by, 470 

Diamond, abrasion of, 479 

—, scratching of, 246 

Die lubricants, 483 


Dispersing effect of soap solution, 286 

Drilling, rotary, abrasive wear effects in, 244 

Drop formation from rapidly moving liquid 
sheets, 320 

Drops, breakup of, 247 

Ductility and strength of NaCl crystals, 404 


Elastic contact of rough surfaces, 405 

Electrical contact resistance measurements of 
metal surfaces, 317 

Electron diffraction pattern of metal surfaces, 
317 

Engines, lubrication requirements of, 75 

Erosion of ductile metals, mechanism of, 76 

—, electric, of metals, 324 

—, experimental study of, 76 

— of relay contacts, 188 

— of surfaces by solid particles, 87 

Extreme pressure lubricants, 156 


Fatigue crack propagation, rate of, 154 

— cracks, nonpropagating, 248 

— life, factors governing, 154 

— —, rolling-contact, of M-50 bearing steel, 
482 

—.— of steels, effect of hardness and other 
mechanical properties on, 320 

— of materials, qualitative aspects, 481 

— of metals, 84, 163 

— phenomena in roller bearings, 122 

— properties of high-strength steels, 481 

Fatty films, adsorbed, structure and lubricity 
of, 156 

Fibre assemblies, friction of, 26 

Finish turning, 486 

Flaw detection, acoustic method for, 408 

Flow in lubrication films, 165 

— conditions, 89 

— parameters in hydrostatic lubrication, 483 

— stress in metal cutting, 246 

Four-ball friction machine, 298 

Fracture appearance of impact specimens, 
320 

—., brittle, micromechanism of, 320 

— strengths relative to onset and arrest of 
crack propagation, 73 

— testing of high-strength sheet materials, 
481 

Fretting of hardened steel in oil, 250 

Friction, braking, on wet surfaces, 405 

— characteristics of sliding surfaces undergo- 
ing subsurface plastic flow, 482 

—, classical theory of, 482 

— coefficient measurements, tyre-to-surface, 
482 

— coefficients, between aircraft tyre and wet 
runway surfaces, 321 

— —, determination of, 74 

— — for helium flowing in a tube, 154 

—-—, research and development on deter- 
mination of, 74 

— —, spin-up, 321 

— —, influence of workhardening on, 150 

— —,, for vibrations, 483 
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Friction, directional effects in, 421 

— in engines, 114 

— of fibre assemblies, 26 

— of flexible bodies, theory of, 483 

— of graphite at high temperatures, 454 

—, high-vacuum, research on, 482 

— ofice, 405 

— of impregnated carbon seal materials, 485 

— involving a microtopographical defor- 
mation index, 473 

— of jammed pistons, 219 

— materials, plastics as, 322 

— measurement, 377 

—, metallic, junction growth in, 477 

—, low, of metals in reciprocating sliding, 405 

— of lubricated rubber, 405 

— of polymers, theory of, 155 

—, Trolling, of hard cylinder over a viscoelas- 
tic material, 248 

—, —, of polymeric materials, 405 

—, —, theory of, 248 

—, skin, determination of, 249 

—, —, in incompressible flow, 321 

—, slip, during movement of body over 
anisotropic surface, 482 

— of solids, 482 

—, — — at very high speeds, 477 

—, spinning, importance of in thrust-carrying 
ball bearings, 484 

—., static, reduction of, 248 

—, stick-slip, as cause of torsional vibration 
in rollers, 402 

— in textiles, 83 

—, tyre—road, 82, 482 

— of unlubricated metallic surfaces, 76 

— and wear, 163 

—— — in machines, 162, 486 

Frictional behaviour of boron nitride and 
graphite, 274 

— properties of titanium, 322 


Gear lubrication, mechanism of, 483 

— operation, high-temperature —, 75 
Gearing, turbine, lubrication of, 155 

Grain size, effect of, on fatigue life of steel, 482 
Graphite, in bearings, 358 

—, colloidal, for lubrication, 114 

—, friction coefficient, 369 

—,— and strength of, 454 

—, frictional behaviour of, 274 

— asa lubricant, 484 

Grease-tester, modified Kugel-Fischer —, 80 
Greases, flow properties of, 156 

—, viscoelastic behaviour of, 247 

Grinding wheels, performance of, 161 


Hardness, effect of, on fatigue life of steel, 482 

Hardsurfacing to increase tool life, 161 

Heat rates, laminar, on hypersonic vehicles, 
249 

ica eainbler of helium flowing in a tube, 154 

Hydraulic fluid, synthetic, 157 

Hydrospark forming, 409 

Hysteresis losses, 405 


Ignition temperatures of solid metals, 158 

Impact comminution, 73 

—, high-speed, investigation of, 160 

—, —, photographic study of, 160 

— specimens, fracture appearance of, 320 

— between water drops and a surface moving 
at high speed, 485 

NEE saci of copper and aluminium, 

9 

Iridium, tensile properties at high tempera- 

tures, 481 


Journal-bearing load capacity and friction, 
158 


Lead-monoxide-base coatings, 75 

Lube oils, effects on 2-stroke engines, 157 

Lubricant film, theoretical criteria for effec- 
tiveness of, 155 

— inertia, 155 

— properties, influence on performance of 
bearings, 483 

Lubricants, 322 

—., anti-wear properties of, 245 

— containing sulphur-based additives, 297 

—, control of frictional characteristics by 
chemical additives, 156 

— for dies, 484 

—, effect on friction, 154 

—, — on gear-tooth surface fatigue, 160 

—, — on “‘orange peeling’’, 398 

—,— on pitting, 134 

—, extreme bearing pressure —, 80 

—, extreme pressure —, 156 

—, gear, choice of, 407 

—, hypoid gear, 322 

— for launching, 322 

—, surface-active, effects on resistance to 
shear, 322 

—, synthetic, 75 

—, —, in aircraft gas turbines, 483 

— testing, 160 

— used in the steel and mining industries, 74 

Lubricating oil analysis, microchemistry in, 
4860 

— oils, for aviation gas turbines, 407 

— —, determination of dissolved oxygen in, 
160 

——, detergent, 486 

— —, effect of synthetic additives in, 200 

— — and greases in the Soviet Union, 155 

— —,, influence on cylinder wear, 436 

==, oxidation, 156 

— —, performance of, 322 

— power of organic molybdenum compounds, 

2 

Ls eae of lead-monoxide-base coatings, 

Funcen tok of aircraft turbine engines, 155 

— of bearings, 322 

—, boundary, 156, 309 

—, —, influence of temperature on, 249 

—, —, mechanism of, 483 

— in engines, 114 
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Lubrication, extreme bearing pressure —, 80 

— films, flow in, 165 

—, friction and wear, bibliography covering 
Rumanian publications, 409 

—, gas, 322 

—, — film, study of, 155 

—, gear, mechanism of, 483 

—, hydrodynamic, 79, 329 

—, —, effect of lubricant inertia in theory of, 
155 

—, hydrostatic, flow parameters, 483 

—., jet and space age, 407 

— of large piston compressors, 157 

—, marginal, of ball bearings, 406 

—, marine, 483 

— by molybdenum compounds, 80 

— of radiused-pad thrust bearings, 322 

— research, 160 

—., roller bearing, progress in, 406 

—, solid film, 157 

— by solids, 80 

— of titanium, 74 

— by tungsten disulfide in vacuum, 157 

— of turbine gearing, 155 

— with turbulent flow, 406 


Metal cutting, with ceramic tools, 78 

— —, flow stress in, 246 

— fatigue, 84 

— rods penetrating thick metal targets, 247 

— transfer under unlubricated conditions, 480 

Metals, abrasion of, 316 

—, adhesion of, 248, 253 

—, — —, role of surface shear strains in, 253 

—, friction and wear of, 82, 159 

—, internal stresses and fatigue in, 163 

—, machinability of, 325 

—, polished, surface layer of, 317 

Metallic films on non-metallic surfaces, 325 

Molybdenum compounds for lubrication, 80, 
323 

—., protective coatings, 325 

— sulfide as a lubricant, 406 

— surfaces in sodium environments, 407 


Oil, contamination of rail and wheel surfaces 
by, 465 

—, engine —, consumption of, 74 

— film, stability of position of equilibrium of 
a journal on an —, 406 

— — thickness, measurement of, 406 

—, lube, 157 

— sheet, thin, motion of under a boundary 
layer, 406 

— whip, theory of, 155 

Oils, aircraft gas turbine —, effect on roller 
bearing fatigue life, 160 

—, design of, 156 

—, diesel engine, thermal behaviour of, 401 

—, mineral, viscosity-pressure-temperature, 
401 

Orange peeling, mechanism of, 394 

Oxide surfaces, disruption and abrasion of, 
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Peeling, experiments on, 321 

Perspex specimens, rain erosion of, 485 

Phthalocyanines as high-temperature lubri- 
cants, 406 

Pin and disc machine, 360 

Piston ring wear, 426 

Pistons, jammed, friction and wear of, 219 

Pitting formation, 314 

— in roller bearings, 122 

Polishing, electrolytic and chemical, of metals, 
408 

Polytetrafluoroethylene compositions in 
liquid nitrogen, wear and friction of, 250 

Pressures, high contact —, effect of wear 
particles and adhesive wear, 250 

Pump, piston-type, for liquid hydrogen, 324 

Pyrolysis of zinc dialkyl phosphorodithioate 
and boundary lubrication, 309 


Radioactive determination of bearing wear, 
160 

— isotopes for measuring cutting-tool wear, 
324 

— — for measuring wear, 408 

Radiotracers for studying wear, 160 

Rail-tyre adhesion, 463 

Railway, see Steel rails 

— accident, 144 

Reciprocating machine, 360 

Refractory materials for seal and bearing 
applications, 75 

— metals, tensile strength of, 482 

Relay contacts, erosion of, 188 

Reynolds equation, 331 

Roller wear, new methods for determination 
of, 485 

Rolling of a ball, 403 

— of cylindrical bodies, 483 

Rubber technology, 326 

— wheels, 1 

Rubbing, virginal and repeated, 105 


Sapphire, synthetic, as a bearing material, 
158 

Scuffing, in cylinder liners, 235 

Seal development, 157 

—, fluid, meeting on, 411 

—, labyrinth —, leak-rate data on, 484 

— materials, carbon-type, wear of, 159 

— — for high-temperature applications, 75 

Seizure of soft spheres, 256 

Seminar on friction, lubrication and wear, 
Burgenstock 1959, 79 

Shear strains, surface, role in adhesion of 
metals, 253 

Shot peening, 77 

Silicon, birefringence in, 247 

— carbide, metal-bonded and self-bonded, 
76 

Silicones, effect on adhesion, 470 

Sliding phenomena, high speed —, 158 

—, reciprocating, 405 

— systems, transition temperatures in, 249 

— surfaces undergoing subsurface plastic 
flow, 482 
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Sliding wear under unlubricated conditions, 
479 

Slipping wheels, wear of, 1 

Soap solution, dispersing effect of, 286 

Solids, friction, wear and deformation of, 483 

Sonic vibrations, reduction of static friction 
by, 248 

Spectroanalysis for measuring wear, 408 

Spin tests of blades, 160 

Steel, hardened, fretting of, 250 

— rails and tyres, adhesion of, 463 

— — — —, wear of, 43 

—, wear of, under heavy loads with lubri- 
cants containing sulphur-based additives, 
297 

—, austenitic manganese, 485 

—, high speed routing of, 326 

—, sulfidizing of, 77 

—, tension, compression, and fatigue proper- 
ties, 481 

Stress relaxation in structural materials, 73 

Stressed material involved in ball rolling, 403 

Stresses, internal, in metals, 163 

Stressing theory for impact comminution, 73 

Sulfidizing of steels and cast iron, 77, 78 

Surface chemical behaviour of polar com- 
pounds in nonaqueous liquids, 286 

— deformation, 314 

— erosion, 87 

— finish, effect of, on fatigue life of steel, 482 

— —, significance of, 79 

— layer of polished metals, 317 

— replicas of cylinder liners, 235 

— shear strains, role in the adhesion of metals, 
253 

— texture deformation, 154 

Surfaces, hard-faced, wearing properties of, 
317d, 

—, industrially polished metal —, 161 

—, rough, contact area of, 170 

—, wire brushing of, 394 

Symposium on lubricants and lubrication, 
Dresden 1959, 79 

—on gas-lubricated bearings, Washington 
D.C. 1959, 81 

—, see also Seminar 


Tensile behaviour of graphites, 404 

— properties of iridium at high temperatures, 
81 

er of some refractory metals, 481 

Testing of materials, 327 

Textile technology, 327 

Textiles, friction in, 83 

Thermal expansion of synthetic graphites, 
° 

Thrust pad, self-lubricated stepped —, 158 

Titanium, broaching characteristics of, 326 

—, lubrication of, 74 

Tool-life equation, three-dimensional, 161 

Tools, ceramic, performance and wear of, 409 


Torque, produced by misalignment of 
bearings, 484 

Triaryl phosphates, 78 

Tufnol, sliding of yarns against, 35 

Turning operation, chip formation during, 
161 

Tyre load variations, rule for, 408 

— problems, 327 

— -road friction, 482 

—, rolling, kinematics of, 321 

— -to-surface friction, 482 


Vacuum brazing of Nimonic alloys, 325 

Vibration, torsional, in rollers, 402 

Viscosity characteristics of lubricating oils at 
high speeds of slip, 483 

Volume properties, friction and wear, 85 


Wear of abrasives, 161 

— in automotive engines, 77 

—, corrosive, reduction of, 485 

— of cutting tools, 312 

— in diesel engines, 426 

—, dry adhesive, 478 

—, fatigue and fretting surface damage of 
materials, 408 

— of hard-faced surfaces, 76 

— of impregnated carbon seal materials, 485 

— of jammed pistons, 219 

— of machine parts, 82 

— — — —, determination of, 60 

— of metals, investigations into, 488 

— of piston rings, transient, 408 

— particles, incandescent carbon —, 485 

— of radioactive piston rings, 159 

— rates in chassis lubrication, 408 

— by repeated rubbing, transience of, 104 

— research and rheology, 402 

— —4§in Poland, 79 

— —, scientific, origins of, 241 

—resistance, molybdenum disulphide in 
nylon, 484 

— — of rolls for continuous strip mills, 324 

—, sliding, 479 

— of slipping wheels, 1 

— of solids, 482 

— of steel rails and tyres, 43 

— tests, bench, use in material development, 

9 

eal, thin wheels, general expressions for, 7 

—, of tools, 312, 486 

— trials on resin-rubber soles, 159 

— of unlubricated metallic surfaces, 76 

Wear-in of bearings for liquid metals, 156 

Welding conditions, influence on wearing 
properties of hard-faced surfaces, 317 

Workhardening, influence on friction coeffi- 
cient, 150 


Zinc dialkyl phosphorodithioate, pyrolysis 
of, 309 
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